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SUSPENDED AND DISSOLVED SOLIDS EXPORTS FROM THREE 

NORTH FLORIDA WATERSHEDS IN CONTRASTING LAND USE 

THOMAS M. BURTON, RALPH R. TURNER, and ROBERT C. HARRISS 

Institute of Water Research, Michigan State University, East Lansing, 

Michigan 48824; Environmental Sciences Division, Oak Ridge National 

Laboratory (operated by Union Carbide Corporation for the Energy 

Research and Development Administration), Oak Ridge, Tennessee 37830; 

and Department of Oceanography, Florida State University, Tallahassee, 

Florida 32306. 

ABSTRACT--Exports of suspended (SS), volatile suspended (VSS), dis¬ 

solved (DS), and volatile dissolved (VDS) solids from three north 

Florida watersheds were monitored from 1973 to 1975. The forested- 

agricutural watershed exported 40 kg/ha/yr SS, 11 kg/ha/yr VSS, 71 

kg/ha/yr DS, and 29 kg/ha/yr VDS. There was a 126-fold increase in 

sediment exports from the urban watershed, a 28-fold increase in 

VSS exports, a 6-fold increase in DS, and a 4-fold increase in VDS 

compared to the forested-agricultural watershed. The low density 

suburban watershed exported intermediate amounts of all solids but 

these increases were attributable primarily to highway construction 

within the watershed and are not typical of highly forested, low 

residential areas. The dramatically increased sediment losses 

resulted in large increases in total and particulate phosphorus 

exports. Corrective measures to minimize losses from the urban 

watershed have been undertaken and are discussed briefly. 

INTRODUCTION 

The quantitative evaluation of export of suspended sediment from water¬ 

sheds requires continuous monitoring of the entire range of hydrologic events 

which occur during any period of interest. Individual low frequency, high dis¬ 

charge flood events can transport more sediment in a few hours or days than is 

normally transported in several years of low flow (Gregory and Walling, 1973). 

Even in some small undisturbed streams with maximum vegetative cover of the 

471 



soil surface, the majority of annual losses occur during only one or two high 

discharge events (Fisher and Likens, 1973). In watersheds with active land 

conversion for agriculture or urban development the amount of bare soil surface 

will vary with time depending on factors such as crop and construction sched¬ 

ules resulting in functional relationships between land use, hydrologic pro¬ 

cesses, and the export of suspended and dissolved solids. Quantitative 

information on the relationships between land use and erosional processes in 

the landscape for a region with similar climate, soils, slopes, and vegetation 

is critically needed to provide a basis for controlling and preventing certain 

non-point pollution problems. 

This paper reports the results of a two year study (1973-1975) on sus¬ 

pended, volatile suspended, dissolved, and volatile dissolved solids exports 

from three north Florida watersheds with land use ranging from a mixture of 

forests and agriculture to surburban to urban. Stormwater sampling using auto¬ 

matic samplers was emphasized and supplemented with low flow grab samples 

throughout the period from July, 1973 to May, 1975. The comparative approach 

was utilized with all three watersheds having similar soils, climate, slopes, 

etc. 

The objectives of this study were (1) to quantify the effect of urbaniza¬ 

tion on exports of suspended and dissolved soilds, (2) to elucidate mechanisms 

controlling such exports, and (3) to provide adequate water quality data for 

designing procedures to alleviate existing problems. 

MATERIALS AND METHODS 

Descriptions of the 611 ha forested-agricultural watershed, the 430 ha 

suburban watershed, and the 792 ha urban watershed and general methods are 

given in detail in the companion paper by Turner et al_., this Symposium. Gen¬ 

eral hydrology and precipitation inputs are discussed in a second paper by 

Turner et al_., this Symposium. 

The three watersheds have similar geomorphology, pedology and average 

ground slopes (4 to 5%). Soils are well drained sandy loams over loamy sub¬ 

soils. All three watersheds are located in the drainage basin of Lake Jackson, 

a 1960 ha lake just north of Tallahassee, Leon County, Florida. The 611 ha 

forested-agricultural watershed is about 50% forested with forests located in 

the lowlands along the stream. The suburban watershed consists of several 
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single family subdivisions with septic tank drainage, a school with a package 

sewage treatment plant, and a riding stable. Most of this watershed is still 

in undisturbed forest, and it represents a watershed in the first stages of the 

rural to suburban change. A 24 ha strip of this 430 ha watershed was undergo- 

i ing interstate highway construction during the course of this study. The urban 

watershed included the northern areas of urban Tallahassee, Florida, including 

a major highway (U.S. 27) and its associated development, two large regional 

shopping malls, several office complexes, apartments, and single family hous¬ 

ing. The entire watershed is sewered and, except for occasional leakage, has 

no domestic waste inputs to surface streams. 

Automatic samplers (Sigmamotor Model WM-4-24) were installed at each 

watershed and were used to take discrete samples at short intervals (20 minutes 

to one hour) over entire storm hydroperiods. 

All analytical procedures followed standard methods (A.P.H.A., 1971). 

More detailed data on watershed descriptions and analytical procedures are 

given by Turner et al_. , this Symposium and by Turner et al_., 1975. 

RESULTS AND DISCUSSION 

One of the most dramatic effects of urbanization observed in this study is 

the large increase in concentration of suspended solids (Table 1) in streams 

draining these watersheds. The flow-weighted mean concentrations of suspended 

solids are 24.3 times higher in the urban and 9.3 times higher in the suburban 

stream runoff compared to the forested-agricultural stream runoff. The 

increased sediment concentration in the urban watershed is especially striking 

in that no major construction was underway during the time of the study. There 

was construction of an office complex and some individual houses but these 

projects were carefully monitored to see that they complied with a local sedi¬ 

ment control ordinance designed to control runoff of larger sand and silt 

particles. One obvious source of sediments was stream bank erosion in the 

urban channel where the urban induced increase in stream runoff (see companion 

paper in this Symposium on hydrology by Turner et al_.) had resulted in underfit 

channels. Severe erosion in one of these channels below one of the large shop¬ 

ping malls was so great that bank undermining caused closure of a streamside 

street during the course of the study and forced relocation of an adjacent 

sewer. Some structural work was done on stream bank stabilization but the 

problem persisted throughout the study. 
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TABLE 1: SUSPENDED SOLIDS (SS) DATA SUMMARY. 

FORESTED- 

AGRICULTURAL SUBURBAN* URBAN 

Weighted mean cone. (mg/£) 48 443 1194 

Arithmetic mean cone. (mg/£) 36 ± 48 202 ± 414 433 ± 822 

Range in cone. (mg/£) 1-344 1-2422 1-9274 

Stream export (kg/ha/yr) 40 514 2376 

% exported in quickflow (stormflow) 76 87 99+ 

^Suburban values reflect the influence of highway < 

not typical of low density suburban watersheds in 

construction 

this area. 

and are 

The area of the urban watershed reported here did not include the area of 

interstate highway construction with its associated large sediment losses 

reported previously (Burton et al_., 1976) since sampling was done at an up¬ 

stream location. However, runoff from highway construction did contribute to 

the reported export by the suburban stream. About 24 ha of this watershed were 

included in highway construction resulting in estimated losses of 336 metric 

tons of suspended sediments plus an additional 1630 metric tons of heavier 

sediment probably carried as bedload. These estimates are based on the 14 

metric tons/ha/yr of suspended sediment and the 68 metric tons/ha/yr of sediment 

removed from retention basins from the portion of the urban watershed under 

construction (Burton ert al_., 1976). This 336 metric tons of suspended sediment 

would result in an export of 780 kg/ha/yr when divided by the total watershed 

area (430 ha) and is actually considerably larger than the measured value of 

514 kg/ha/yr (Table 1). Thus, most suspended sediment export from the suburban 

watershed can be attributed to losses from the interstate highway construction 

site. Considerable amounts of eroded material still remains in the stream 

channel and is expected to contribute to increased suspended sediment losses 

for some period after highway construction has ceased. Actual losses from this 

watershed,when construction site losses are excluded,probably are about equal 

to losses from the forested-agricultrual watershed (40 kg/ha/yr) since about 

85% of this watershed is still forested. 

Suspended sediment concentration is highly correlated with discharge in 

all three watersheds (Tables 2-3) but the correlation is weaker for the 
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forested-agricultural watershed than for the suburban and urban watersheds. 

Suspended sediments in all three watersheds are negatively correlated with 

dissolved silicon which is a good indicator of soil contact time and thus 

watershed water retention time (see discussion in nutrient paper in this Sym¬ 

posium by Burton et aj_,). The large percentage of sediments transported by 

quickflow (Table 1); the highly significant correlation coefficients between 

suspended sediments and discharge (Tables 2-3); and the excellent negative 

correlations between silicon and discharge all support the published concept 

that most sediment is transported by overland flow (see reviews by Guy and 

Jones, 1972; Gregory and Walling, 1973). 

To alleviate the impact of suspended sediments on the receiving waters 

(Lake Jackson), small sediment retention basins were constructed above and 

below the interstate highway construction site on the urban watershed. The 

removal of sediment by the downstream basin representing highway construction 

input has already been discussed above and reported previously (Burton et al., 

1976). The upstream basin received runoff only from the urban watershed with 

no input from highway construction. From March, 1973 to March, 1974 records 

were kept of cleanouts of this basin and crude estimates of sediment removal 

were calculated. About 2110 metric tons of sediment were removed, equivalent 

to about 2665 kq/ha/yr. This estimate represents transport of a combination of 

bedload and large sand and some silt particles. 

Size distribution of materials removed from sediment traps were compared 

to native subsoils, highway subgrade material, and material deposited in Lake 

Jackson near the mouth of the stream (Figure 1). This analysis indicated that 

the sediment traps were effective in removing large soil particles in the sand 

and silt fraction but removed little of the smaller suspended silt and clay 

particles. Much of the larger material collected by the basins was likely 

transported primarily as bedload or in turbulent flow Just above the bottom 

and was not sampled by the automatic samplers used in this study. 

The efficiency of automatic samplers was tested. When compared to grab 

samples taken near the bottom of the urban stream, they collected about 90% of 

the suspended sediment during high flows. Thus total sediment exports, 

especially in the urban watershed, should include both the estimates of sus¬ 

pended solids exports derived from the automatic samplers (Table 1) and the 

material captured by the retention basin (2665 kg/ha/yr). Total sediment 

export by the urban stream then becomes 5041 kg/ha/yr. Total sediment export 
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by the suburban stream should also include the bedload derived from highway 

construction (68 metric tons/ha x 24 ha or 1632 tons - see Burton et_ aj_., 1976) 

or 3795 kg/ha/yr for a total watershed loss of 4310 kg/ha/yr primarily derived 

from the 24 ha highway construction site. Because of this high input from the 

construction site, the suburban watershed data should be used only in the 

context of highway impact and not as an indicator of losses of sediments from 

low density suburban watersheds. The only nutrient data likely to be affected 

by this highway construction impact is total and particulate P and dissolved 

silicon (Burton et^ aj_., 1976) so most of the nutrient comparisons made in the 

companion paper in this symposium are valid. 

No estimates of bedload are available for the forested-agricultural 

stream. Tests of stormwater sampler efficiency showed that samplers were 

almost 100% efficient in sampling suspended sediment at the lower peak flows 

and suspended sediment concentrations (Table 1) characteristic of this stream. 

Based on visual observation of the stream channel, bedload transport was likely 

minimal during the study period and the suspended sediment export estimates 

(Table 1) reasonably represent all of the transport of sediments by this stream. 

A much steeper forested watershed in New Hampshire only lost 25 kg/ha/yr while 

a completely deforested watershed lost 156 kg/ha/yr including bedload losses 

(Bormann et a]_., 1974). Interestingly, the 40 kg/ha/yr measured for the North 

Florida forested-agricultural watershed with completely different climate, 

soils, topography, and vegetation falls in the range expected for a partially 

exposed landscape based on the New Hampshire study. 

The urban watershed exports 126 times more sediment per ha than does the 

forested-agricultural watershed. The suburban watershed also exports 108 times 

more but this reflects primarily export from the 24 ha highway construction 

area. Losses when construction impact is excluded are very low, probably 

approaching the 40 kg/ha/yr measured for the forested-agricultural watershed. 

Not only does this dramatically increased sediment export from the urban water¬ 

shed result in substrate changes and almost complete elimination of much of the 

benthic fauna in the receiving arm of Lake Jackson (Smith, 1974), but it also 

results in increased input of total and particulate phosphorus into these 

waters since there is direct correlation between export of total and particu¬ 

late phosphorus and suspended solids (Tables 2-3 and discussion by Burton 

et_ a]_. in companion paper on nutrients in this Symposium). The availability of 

479 



this sediment phosphorus to the overlying water and thus to the receiving lake 

ecosystem has not been investigated. Investigations of the exchangeability of 

sediment inorganic P elsewhere suggests that from 19 to 43% of sediment inor¬ 

ganic P is available (Li et aj_., 1972) for exchange to overlying water in aero¬ 

bic systems. If just 20% of the exported total P is available, 1.25 kg/ha/yr 

of available P are being exported from the urban watershed, 0.58 kg/ha/yr from 

the suburban watershed, and 0.08 from the forested-agricultural watershed in 

addition to the 0.22, 0.11, and 0.17 kg/ha/yr already reported for inorganic 

dissolved P (Burton et al_., this Symposium). Thus, this sediment-borne P is 

potentially much more important as a source of eutrophication in receiving 

waters than is dissolved inorganic P with about 5 times more available P per 

ha exported by the urban and 2 times more exported by the suburban watershed 

compared to the forested-agricultural watershed (total P export was increased 

16-and 8-fold respectively. 

Volatile suspended solids (VSS) concentrations and export (Table 4) follow 

the same trend as does suspended solids with substantial increases in both the 

urban and suburban watersheds compared to the forested-agricultural watershed. 

Flow weighted mean concentrations are 13.9 times higher for the urban and 7.1 

times higher for the suburban watershed compared to the forested-agricultural 

watershed (Table 4). Correlations are also similar (Tables 2-3) with excellent 

positive correlations with discharge, total and particulate P, and with sus¬ 

pended solids with the one significant exception being the lack of correlation 

between discharge and volatile suspended solids on the forested-agricul tural 

watershed. 

TABLE 4: VOLATILE SUSPENDED SOLIDS (VSS) DATA SUMMARY. 

FORESTED- 

AGRICULTURAL SUBURBAN URBAN 

Weighted mean cone, (mg/£) 10.7 77 150 

Arithmetic mean cone. (mg/£) 11.0 ± 11.2 35 ± 62 64 ± 86 

Range in cone. (mg/£) 1-64 1-419 1-647 

Stream export (kg/ha/yr) 10.6 88 297 

% exported in quickflow 63 88 99+ 
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The concentration of volatile suspended solids is a crude index of the 

organic content of suspended solids. This organic content is highest for the 

forested-agricultural watershed (30.6%), intermediate for the suburban water¬ 

shed (17.2%), and lowest for the urban watershed (14.8%). This decreasing 

organic content of suspended solids indicates the increasing erosion of inor¬ 

ganic soil particles as urbanization occurs, the loss of allocthonous input 

from trees along the stream, and the loss of contact time with soil organic 

materials all associated with decreased vegetation, more impervious surface 

area, and the related increased surface runoff associated with urban develop¬ 

ment. 

The percentage of organic material in the suspended sediment transported 

by the North Florida forested-agricultural watershed is near the 35.6% organic 

matter content of particulate matter export reported from undisturbed New 

Hampshire forested systems (Bormann et al_., 1974). The location of the forests 

as buffer areas along the stream on the forested-agricultural watershed would 

be expected to minimize erosion, and this has apparently occurred with both low 

total sediment export and relatively high organic content of the exported 

material. 

The lack of correlation of volatile suspended solids with discharge in the 

forested-agricultural watershed is somewhat surprising and indicates constant 

losses per volume of water discharged. This behavior has not been reported 

previously for particulate organic matter although poor correlations between 

coarse particulate organic matter (size fractions greater than one mm) and 

discharge have been reported (Fisher and Likens, 1973). This poor correlation 

of coarse particulate organic matter with discharge was explained by the ten¬ 

dency of organic accumulations (leaf packs) to buffer the streambed against the 

erosive action of running water, by the tendency for organic dams of debris to 

reduce the kinetic energy of water by impounding it in pools, and by the ten¬ 

dency of larger organic materials to break loose at random. This protection 

only breaks down at high flow rates. The low slope of Florida watersheds and 

nearly level stream gradients probably adds to this lack of correlation by 

reducing flow rate of streams. In the urban streams, the biotic controls are 

no longer available because of absence of forests along the stream and coupled 

with the increased surface and stream runoff results in good correlations 

between discharge and volatile suspended solids concentrations. 
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Turbidity measurements for the three watersheds were highly correlated 

with volatile suspended solids, suspended solids, and total and particulate P 

(Tables 2-3). Thus, this relatively simple measurement offers an inexpensive 

and relatively precise way to monitor total particulate export for these water¬ 

sheds. 

Dissolved and volatile dissolved solids (Tables 5-6) were measured for the 

three watersheds. Flow-weighted mean concentrations (Tables 5-6) of dissolved 

solids were 4 times higher for the urban and 3 times higher for the suburban 

stream compared to the forested-agricultural watershed. Thus, despite greater 

contact time with soil on the forested-agricultural watershed, total concentra¬ 

tions of dissolved solids were considerably less. The increased concentrations 

of dissolved solids in the urban watershed are derived from a variety of 

sources with one significant source being streets and shopping mall runoff. 

Average concentration for one small storm from runoff from a shopping mall in 

this watershed were 202 mg/£ with values as high as 1613 mg/ft recorded for the 

"first flush" runoff (Turner and Burton, 1975). Many other sources such as 

lawn fertilizer, sewage leaks, etc., also exist in both the urban and suburban 

watersheds resulting in 6.3 times more dissolved solids being exported by the 

urban and 3 times more being exported by the suburban watershed than is 

exported by the forested-agricultural watershed (Table 5). 

Volatile dissolved solids concentrations (Table 6) do not differ greatly 

among the three watersheds with only slight increases for the urban and sub¬ 

urban watersheds. Because of the greater runoff, however, the urban stream 

exports 4 times more and the suburban stream exports 1.8 times more volatile 

dissolved solids than does the forested-agricultural stream. 

TABLE 5: DISSOLVED SOLIDS (DS) DATA SUMMARY. 

FORESTED- 

AGRI CULTURAL SUBURBAN URBAN 

Weighted mean cone. (mg/£) 52 161 209 

Arithmetic mean cone. (mg/£) 47 ± 34 108 ± 113 146 ± 140 

Range in cone. (mg/£) 6-420 4-733 6-960 

Stream export (kg/ha/yr) 71 208 448 

% exported in quickflow 45 78 92 
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TABLE 6: VOLATILE DISSOLVED SOLIDS (VDS) DATA SUMMARY. 

FORESTED- 

AGRICULTURAL SUBURBAN URBAN 

Weighted mean cone. (mg/£) 21.4 33.3 27.1 

Arithmetic mean cone. (mg/£) 20.9 ± 11.6 22.6 ± 23.2 23.4 ± 14.1 

Range in cone, (mg/s,) 1-62 1-188 1-74 

Stream export (kg/ha/yr) 28.7 50.2 115 

% exported in quickflow 46 66 93 

CONCLUSIONS 

The primary functional relationships between land use and the export of 

suspended and dissolved solids from the three North Florida watersheds studies 

can be summarized as follows: 

1. The most pronounced water quality impact of urbanization activities 

demonstrated in this paper was a 126-fold increase in total annual 

sediment export associated with increased disturbance, decreased vege¬ 

tative erosion control, and increased surface and total stream runoff. 

2. The urbanization process also changes the temporal characteristics of 

the export patterns. In the urban watershed 92-99+ percent of the 

dissolved and suspended solids are exported during storm events and 

compared to 46-76 percent in the forested-agricultural watershed. 

3. The export of suspended solids from a low density, stablized suburban 

watershed is similar to rates characteristic of runoff from forested 

watersheds. However, a single major construction project, such as the 

interstate highway construction which was monitored in this study, can 

increase sediment export rates by an order of magnitude. 

4. In addition to increased total sediment export rates, land development 

also results in increased export of particulate phosphorus. The ratio 

of particulate phosphorus to dissolved phosphorus increased with 

increased intensity of land development in the North Florida water¬ 

sheds studied. These changes in the transport mechanisms of phospho¬ 

rus could have a substantial effect on the eutrophication processes in 

receiving waters. 

5. Forested buffer zones along streams in the agricultural area studied 

were very effective in minimizing the impact of land development on 
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the hydrology and water quality of stream runoff. For example, a lack 

of correlation of volatile suspended solids with stream discharge in 

the forested stream is indicative of homeostasis resulting from bio¬ 

logical control on the organic carbon fluxes. In the watershed under¬ 

going urbanization, total volatile suspended solids export was 28 

times higher than in the forested stream discharge. More than 99% of 

the volatile suspended solids export from the urban stream occurred 

during storm events as compared to 63% in the forested stream storm¬ 

water runoff. 

The use of retention basins, greenbelt areas, porous pavement, collection 

and treatment of parking lot runoff, and many other recently suggested tech¬ 

niques can alleviate many of the problems described above. Several corrective 

procedures are being adopted for the Lake Jackson drainage area (see companion 

paper by Burton et^ al_., this Symposium). Their effectiveness is limited, 

however, unless they are linked to strict land use controls to limit urbaniza¬ 

tion in this drainage basin. 
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DISCUSSION 

Cory: I just want to take exception to this statement you made that the catchment 

basements would have been better if they hadn’t been there and allowed the heavy 

particles to come through. The benthic fauna are notorious for recovering very rapidly. 

The fact that you did wipe out a bunch of them, I don’t really think was a disaster. 

Burton: What I was getting at there is something on the order of 1 to 3 meters of very 

fine sediments on this bottom meant that this bottom was now very unstable compared to 

what it would have been if you had had that sand fraction. It also is somewhat deeper 

than what it would have been if you had had that sand fraction. 

Pionke: I saw one of your slides of the area where the creek entered into the lake and I 

noticed, there, that it seemed that you might get an impoundment effect. The stream 

flattened out, there was a substantial amount of water there and vegetation before it 

entered into the lake proper. I was curious because it seems to me that you would 

encourage a delta effect to drop out most of the coarse material in this zone. Do you 

have any comment about that? 

Burton: We did get the delta effect. We got the closest part of the receiving arm filling 

up with materials, and you saw this less and less the further out into the lake that you 

went. Most of the impact was on one of the receiving arms of the lake and it was lucky 

that the restriction of flow between this receiving arm and the lake proper was as great 

as it was. The impact was in fact restricted to a very limited portion of the lake and a 

majority of the lake is still in a very pristene condition. There were some polyethylene 

curtains extended across the lake by the Department of Transportation to limit the 

effects to this receiving arm. The major impact was over a small area of the lake in 

terms of sediment influx. 

Humenik: I believe you made a statement that your instrumented samplers were about 

90 percent effective in retrieving suspended solids. Would you give the basis for that 

statement please? 

Burton: We took samples with grab samplers. First of all, that's maybe not as concrete 

evidence as we would have liked. What we did was we took grab samples at the midpoint 
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of the sampling time. The type of sampler that we used took about 12 minutes to fill a 

bottle, so its pumping rate was very slow. You could actually see sand particles 

stationary in your sampling tubes. We suspected that we were missing some of those 

sand particles. We took some grab samples during the midpoint of that sampling period 

and compared the suspended solid concentration in the grab sample taken at the same 

place in the stream as intake of the sampler with suspended solids concentration in water 

that we collected with the sampler and that’s the basis for that statement. What we 

were missing, of course, was the fact that we couldn't put these intakes right down on 

the bottom or very much off the bottom and so there was probably much greater 

suspended load down close to the bottom that we missed. It was very site specific in 

terms of where our intake was in the stream. That also impacts on how efficient the 

sampler was. 

Beyerlein: You were saying that the stilling basins don't work well for the suspended clay 

materials. In an urbanized area near lakes how would you propose keeping these smaller 

particles from entering lakes? 

Burton: The obvious way to do it would be to increase the detention time in the basyis. 

Make your basins much larger. There have been quite a few 208 funds and lake 

restoration funds going into preserving this particular lake. One of the ways they 

propose to do it for this lake in the future is to create a marsh environment before you 

get into the lake where there is a big retention basin upstream at the highway. There is 

a marsh downstream of the highway and this marsh vegetation is harvested each year to 

remove some of the nutrients coming in, and in concept, it seems like it might work; but 

it's just been proposed and it's not actually operable. This is the sort of thing that you 

would perhaps think of doing. 

Friebele: Has anyone done any primary productivity studies before urbanization and 

after? 

Burton: Ralph Turner eluded a little bit to some of the studies that he had done on the 

lake in conjunction with this project. These studies were ongoing at the time and what 

we saw if you looked at C-14 productivity there was a dramatic increase from our 

pristene midlake sampling stations which stayed constant over the course of the study or 

relatively constant compared to this receiving arm of the lake where productivity did go 
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up several times. We did get some blue-green algal blooms in this particular arm of the 

lake. These blooms would generally occur after a large storm. Right after the storm it 

would be too turbid to get much productivity. But a few days after the storm when these 

fines had settled out you would get this phytoplankton bloom following the influx of 

material into the lake. 

* 
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Abstract--Soi1 and nutrient pollution of streams caused by woods 

roads, log skidding, mechanical site preparation, and prescribed 

burning are being studied in the Piedmont and Appalachian Moun¬ 

tains of the Carolinas. Stormflow from disturbed areas is 

measured by 1-foot H-flumes. Proportional samples for sediment 

and nutrient analysis are collected by 2-foot Coshocton wheels. 

Objectives of nonpoint-source pollution studies are to establish 

baseline levels of soil and nutrient loss, determine increases 

in losses due to certain forestry practices, and develop methods 

of estimating losses for other practices and other locations. 

INTRODUCTION 

Coweeta Hydrologic Laboratory, near Franklin, North Carolina, was established 

by the United States Department of Agriculture, Forest Service, in 1933. 

Since establishment, the research goal has been to determine how man's use of 

the forest influences the quality, quantity, and timing of streamflow from 

small forested catchments in the Piedmont and southern Appalachian Mountains. 

For much of the past 44 years, water yield was emphasized, and both timing of 

flows and water quality received less attention. By 1970, research had demon¬ 

strated the changes in water yield that were possible with different cutting 

practices and vegetative types and relatively simple formulas were developed 
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to predict water yield after forest cutting. At that time, the research pro¬ 

gram expanded to include nutrient budgets of undisturbed and manipulated 

forests. Dr. Swank is reporting on this phase of the research. 

The 1972 Federal Water Pollution Act Amendments set goals of "best practical 

technology by 1977" and "best available technology by 1983," and focused 

national attention on pollution and water quality. Nationwide, greater prob¬ 

lems stem from nonpoint-source than point-source pollution (Pisano, 1976). 

Furthermore, soil erosion is the major nonpoint pollution source. Prior 

research has shown that erosion from stable forest lands in the East ranges 

from only a few pounds to a maximum of 300 pounds per acre per year. Soil 

lost from forest lands comes almost entirely from the stream channel, unless 

disturbance has exposed mineral soil or changed natural drainage (Douglass, 

1975; Patric, 1976). Because quantitative data on soil losses during site 

disturbances is limited, research at Coweeta is being redirected to quantify 

soil and nutrient losses from several types of forest disturbance. 

Research at Coweeta focuses on the forest practices we expect to be typical 

of future intensive management on both public and private land in the South¬ 

east. No attempt is made to tie any of these practices to a particular silvi¬ 

cultural system, such as clearcutting or selection harvesting. The rationale 

behind this decision stems from knowledge that overland flow is an unusual 

occurrence from a litter-covered forest soil in the East, even after the trees 

are cut. Felling and bucking trees into logs have negligible impacts on soil 

compaction, infiltration, surface runoff, or erosion. During timber sales, 

erosion occurs primarily on sites where litter has been removed or destroyed 

and soils have been compacted by skidding and decking logs or building roads. 

Similarly, mechanical site preparation compacts soil, reduces infiltration, 

and exposes large proportions of the prepared area to erosion. To a lesser 

degree, fire removes some of the energy-absorbing litter and paves the way for 

erosion and nutrient loss. 

The current research program involves the USDA Forest Service, several 

universities, and the North Carolina Forest Service. Our initial efforts are 

concentrated on activities that produce the greatest disturbance and, there¬ 

fore, are potentially important causes of nonpoint-source pollution from 

forest land. Pollution’from roads and logging are being studied in the sou¬ 

thern Appalachian Mountains, and site preparation and fire are being studied 

in the Piedmont. 

490 



METHODS 

In general, the instrumentation and analyses used to determine soil and 

nutrient loss are the same for each study. Variations in methods are covered 

as each study is described. 

Runoff from each sample plot is directed into a plywood trough that serves 

as an approach section for a 1-foot H-flume (Agricultural Research Service, 

1962). The trough is 27 inches wide, 19 inches deep, and varies from 5 to 

8 feet long, depending on the steepness of the terrain (Figure 1). A 2-foot 

diameter Coshocton wheel (Parsons, 1954) mounted below each flume diverts 

approximately 0.5 percent of the flow into a plastic barrel. Where large 

flows are expected, a 10:1 splitter is placed in the drainline to reduce the 

stored sample to about 0.05 percent of the total flow (Figure 2). 

Total flow is measured by two techniques. At some sites, stage height is 

measured by either a stripchart or a punchtape recorder at a stilling well 

connected to the H-flume (Figure 3). Flow volumes are calculated both daily 

Figure 1. This typical sediment sampler, composed of an approach section, 

H-flume, and Coshocton wheel, was installed on a newly cleared watershed for 

a study of the effects of mechanical site preparation. 
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Figure 2. A 10:1 splitter is installed in the drainline between the Coshocton 

wheel and the sample storage barrel where necessary to reduce the sample 

volume to manageable size. 

Figure 3. This is a typical recorder installation. The stilling well is a 

modified raingage can beneath the recorder shelter; it is connected to a 

1-foot H-flume by tubing. 
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and for storm events. For sites without recorders, the volume collected in 

the sample barrel is multiplied by a sampling ratio to determine total flow 

for the sample interval. Before installation, the flume, wheel, and splitter 

for each of these sites were calibrated together in the laboratory with 

controlled flows ranging from 0.5 to 80 percent of flume capacity. Operation 

without a recorder has the advantages of simplicity and economy. Disadvan¬ 

tages and potential problems are that: (1) total flow volume is the only 

flow parameter obtainable; (2) wheel and splitter operation is intermittent 

at very low flows (0.0007 cfs), but at these low rates, volume errors are 

minor when compared to total runoff volume; (3) sample volumes are inaccurate 

when ice builds up on the wheel, in pipes, and in the splitter; and 

(4) reductions in velocity caused by sampling such a small fraction of total 

flow reduces carrying capacity of runoff and causes deposition of soil in the 

splitter, possibly changing the splitting ratio when large volumes of soil are 

being transported. This last problem may be overcome by building a larger 

sediment trap in the approach section. 

After each storm, the soil deposited in the approach section is measured and 

subsampled to determine total dry weight. Soil texture and nutrient content 

are also determined. After the volume is measured, the sample in the barrel 

is thoroughly stirred, and two subsamples are collected. The sediment in one 

is determined gravimetrically by filtration through fiberglas filters (0.42y 

pore size). The supernate of the other sample is analyzed by methods 

described by McSwain (1973) and McSwain et al. (1974) for NCL-N, P0.-P, NFL-N, 
= + + ++ ++ j 4 4 

Cl“, S0^ , Si©2, Na , K , Ca , and Mg . The total phosphate and total 

nitrogen contents of the centrifuged solids are determined by perchloric acid 

and Kjeldahl digestion procedures. 

Total sediment loss per storm event is determined by multiplying total dis¬ 

charge for the sampling period by the sediment concentration of the sample and 

adding the weight of sediments deposited in the approach to the flume. Ion 

loss is the product of ion concentration multiplied by flow volume plus nutri¬ 

ents transported on soil. Ultimately, both soil and nutrient losses will be 

expressed in weight per unit source area, and soil loss will be correlated 

with rainfall and runoff amounts and rates. 
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STUDIES 

Soil loss from roads 

The Forest Service operates one of the largest road systems in the world 

(Forest Service, 1975). Approximately 84 percent of this system is classed as 

limited-use service or temporary roads, primarily constructed to provide 

access to timber sale areas. On private land, unpaved roads are built to 

similar, and often lower, standards by land developers, timber companies, and 

individual land owners. 

At the Coweeta Hydrologic Laboratory, we are quantifying soil loss from 

roads built for a timber sale. Of the 4.6 miles of road built, 2.8 miles are 

outside the sale area, so the effects of road construction and use may be 

studied separate from the logging activity. Road location and design were 

specified, and construction was supervised by National Forest engineering 

personnel. 

Some features of the roads include: backsloping cut banks and stabilization 

of cut and fill slopes with grass; road compaction by earth-moving equipment 

only; draining of the road surface by outsloping and by broad-based dips 

spaced about every 200 feet (Figure 4); culverts at all perennial and inter¬ 

mittent streams; 50-foot-radius curves; 8-percent maximum grade; and gravel 

surfacing of portions of .the 10-foot travelway. The road traverses precipi¬ 

tous terrain, where some slopes exceed 100 percent. Debris barriers were 

constructed' below all fill slopes using forest materials cut from the road 

right-of-way (Figure 5). 

One objective of the road study is to measure actual soil loss during 

several traffic periods from portions of the road representing a range of 

construction practices. Sampling sites were chosen to contrast three soils, 

two design standards for cut-slope angle, and four types or degrees of roadbed 

surfacing. Study soils are a brown sandy loam laced with decomposed schist 

rock, a red clay, and a dark organic soil. Most cut-slope angles were 

selected by empirical rules based on steepness of terrain, but engineering 

soil tests were used to design one test section. Types of road surfacing are: 

a layer of crushed rock at a thickness specified from load-bearing tests on 

the soils in the road; a thinner layer of crushed rock, roughly one-half the 
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Figure 4. Drainage from a road built on moderately steep terrain is collected 

by a broad-based dip and channeled into a flow measurement and sampling 

installation. 

Figure 5. Debris barriers at toe of road fill are constructed of slash from 

the cleared right-of-way. They are intended to trap soil material which may 

wash from the fill si ope. 
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specified depth; a thick layer of washed 3-inch stone; and no gravel at all. 

The study covers four use periods: stabilization immediately following 

construction, limited use by the public, heavy use by logging trucks, and 

limited use after logging ceases. 

At each sampling site, overland flow from a test section of the roadbed is 

collected in the drainage dip and directed by pipe or chute into the approach 

section for measurement and sample collection (Figure 4). Because the roadbed 

is outsloped and has no inside ditch, the measured flow from the roadbed at 

six sites includes water and soil from both the cut bank and road surface. 

Separate estimates of soil and water from the cut and fill slopes are based on 

collections from 19 small troughs set into the slopes (Figure 6). These 

troughs are 4 feet wide. The sides of plots sampled by these troughs are 

defined by short walls and the naturally developed drainage pattern above the 

trough. 

At two other sites, dikes have been constructed on the forest floor below 

the debris barrier to direct any overland flow of water and sediment into 

approach sections for measurement and sampling. Paired measurements above and 

Figure 6. Soil and water from 

road fill are collected by a 

4-foot-wide trough sampler. 
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below the barrier at each of these two sites provide estimates of the effec¬ 

tiveness of the barrier. These measurements are extended by visual surveys 

of soil deposition patterns along the length of the road. 

Two small perennial streams pass through measurement and sampling installa¬ 

tions below the road. Flumes were installed on both streams shortly before 

construction began. Most of the sediment collected at these two sites came 

from gullying of the fills at the stream crossings plus failure of one debris 

barrier on an exceptionally steep slope above the stream. 

The second objective of the study on roads is to test a process simulation 

model (Simons et al., 1975). The computer model, developed for the Rocky 

Mountain Forest and Range Experiment Station by members of the Colorado State 

University Engineering Research Center, simulates soil detachment and trans¬ 

port as functions of soil texture, infiltration rate, porosity and surface 

cover, precipitation intensity, and land slope. The model can route the esti¬ 

mated water and soil volumes along channels or across adjacent road or forest 

floor surfaces and then determine whether deposition or additional detachment 

occurs. 

To test the model, separate measures of soil loss from the cut bank, fill 

slope, and road surface are required. At two sites, 50-foot troughs were 

inserted into the fill slopes to collect runoff and direct it to the measure¬ 

ment point. A berm along the top of the fill prevents water on the roadbed 

from reaching the fill. Soil and water from the cut banks are intercepted by 

150-foot-long troughs and are separately measured. Runoff from the road sur¬ 

face is measured as before. 

In total, instrumentation for the road study consists of 19 small troughs 

collecting total samples and 15 sites using the H-flumes with FW-1 chart 

recorders to measure flow plus Coshocton wheels to collect subsamples. Road 

construction began in March 1976. Data collection may continue for 3 years. 

Soil and nutrient losses from cable logging 

The Environmental Protection Agency (1973) believes that forests growing on 

slopes greater than 60 percent cannot be harvested with conventional equipment 

used in the East without causing unacceptably high rates of erosion. With 

cable systems that lift part or all of the log clear of the ground during 

skidding, these lands might be managed without unacceptable erosion. 
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The new roads at Coweeta provide access to a watershed that is being 

harvested by the highlead cable-logging method. One objective of this study 

is to quantify the soil loss that results after vegetation is clearcut and 

logs are.removed by this method. We seek to obtain separate estimates of 

erosion from roads and from felling and skidding. The combined effect of log¬ 

ging and roads will be measured at a 90-degree V-notch weir. Proportionate 

and grab samples of streamflow are collected for particulate and nutrient 

analysis. Depositions in the ponding basin are measured quarterly, and sam¬ 

ples of the sediments are analyzed. Similar measurements are being made at 

the weir of a nearby control watershed and will be used to estimate the change 

in soil loss from the treated watershed and to establish baseline values for 

undisturbed forest. Sediment losses will be determined before and after log¬ 

ging on three 10- to 15-acre subdrainages that are unaffected by roads. The 

effects of roads will be determined by differences. These measurements will 

span four periods: before road construction, after construction when only 

roads will constitute the disturbance, during logging when both roads and log¬ 

ging are potential contributors, and after logging is complete. Logging began 

in January 1977 and should be finished by fall. 

Soil and nutrient losses from mechanical site preparation 

In order to increase production of pine in the South, forest owners often 

employ practices akin to those in agriculture. After harvest or salvage of 

existing stands, the remaining vegetation is cleared with heavy mechanical 

equipment and pines are planted. Soil disturbance is extensive (Figure 7). 

In cooperation with the North Carolina Forest Service, soil and nutrient 

losses are being measured on areas mechanically prepared for planting pine. 

We wish to quantify the initial effects of site preparation on soil and nutri¬ 

ent loss, determine how these effects change as vegetation becomes established 

on the sites, and compare measured soil losses with those estimated using the 

Universal Soil Loss Equation (Wischmeier and Smith, 1965). Four treatments 

are replicated at four locations in the North Carolina Piedmont. A treatment 

set consists of a control area (hardwood or pine stand that has not been 

disturbed in the past 5 years) and three areas that have been logged and then 
- 

cleared with a bulldozer and KG-blade. Debris was piled and burned in 
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Figure 7. After logging, the residual vegetation on commercial pineland is 

cleared and piled in windrows, and the site may be prepared for planting trees 

by disking with heavy equipment, as shown. 

windrows. The three disturbances are: clearing only, clearing followed by 

disking, and clearing, disking, and planting a grass cover crop. 

Soil and water yields are measured by methods similar to those used in the 

other studies except that streamflow is not recorded continuously. The sample 

collected by each Coshocton wheel and 10:1 splitter is multiplied by the cali¬ 

bration ratio determined in the laboratory to get total discharge. The study 

was installed and measurements were begun in January 1976; it will continue 

for about 3 to 4 years. 

Soil and nutrient losses from prescribed burning 

On many sites, prescribed burning is a viable alternative to mechanical 

treatment for preparing sites for pine regeneration. Although burning 

produces less disturbance, it exposes the soil surface to erosion and may 

increase nutrient losses. 
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In cooperation with Clemson University, the effects of prescribed burning as 

an alternative method of site preparation are being studied on eight small 

(1- to 5-acre) drainages. The study is in the South Carolina Piedmont on the 

Clemson University forest. The experimental design uses four pairs of treated 

and control watersheds. Forest cover is a 40-year-old loblolly pine stand 

that was planted on eroded old fields (Figure 8). Eight H-flumes with punch- 

tape recorders, Coshocton wheels, and 10:1 splitters are installed in ephe¬ 

meral streams that are remnants of old gully systems. Measurements began in 

November 1975 before the forests were burned. The first prescribed burn is 

scheduled for this spring. A second burn will be made next fall, and will be 

followed by sJeed-tree cutting to regenerate the new pine forest. 

Figure 8. The forest floor of this 40-year-old loblolly pine plantation will 

be prepared for natural reseeding using two prescribed fire treatments. 
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SUMMARY 

During the past 6 years, emphasis in the research program at the Coweeta 

Hydrologic Laboratory has shifted from water yield to water quality. Studies 

of mineral cycling and erosional losses from undisturbed and manipulated 

forests have been started. Nonpoint-source pollution studies are disturbance- 

oriented, rather than directed toward specific silvicultural systems. Soil 

and nutrient losses associated with highlead cable logging, forest roads, 

mechanical site preparation, and prescribed burning are being studied in the 

southern Appalachians and Piedmont. The three-phase goal of these investiga¬ 

tions is to establish baseline levels of soil and nutrient export, to measure 

increases in export rates caused by several types of soil disturbance, and to 

develop methods of extending results from gaged to ungaged catchments. 
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DISCUSSION 

Holtan: I was pleased to note that you go entirely to type H flumes and broad crested 

weirs. In runoff that contains trash such as leaf litter and so forth, these will pass the 

litter whereas with your sharp crested weir there is a tendency for these things to cling 

to edges. Do you have problems with sediment settling out in the flumes? 

Swift: We would have to produce a serpentine pattern or something of that sort to 

reduct the flow rate. I assume you are speaking of the sampler that is below the road 

bed. The flow that comes off the road is very flashy. It comes only during the rain 

period and then it really comes down. The soil that comes with it tends to slow it down 

pretty adequately. Our biggest problem is that we get a pretty good measurement of the 

head during the rising limb but then we get a deposit of soil in front of the holes into the 

well that connects up with the recorder and then we never know when the storm ended. 

We had to decide whether it would be more to our advantage to deposit the larger 

materials in the approach section or to try and flush them through. We put a false bed in 

one of the boxes with a grate, it wasn't quite that steep, I think it was about 6 percent 

and it didn't flush the material out so we went back to the flat bottom and felt it was 

better to deposit it where we could measure it rather than clog up the whole system from 

then on. We found that the larger material went into the Cochocton wheel then just 

blocked up the system underneath the wheel starting with the pan below the wheel then 

onto the plumbing and into the barrel. 

Beyerlein: Have you done any cost analysis of the different types of logging practices? 

Swift: That is part of the study, the economics group from the Southeastern Forest 

Experiment Station is observing the logger, determining how much longer it takes him to 

set up this fancy equipment. One of the purposes of this study is to show that this form 

of logging might be both beneficial as far as environmental protection but it might also 

be economically advantageous. 
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LARGE PARTICULATE ORGANIC MATTER 

PROCESSING IN STREAM ECOSYSTEMS 

Jackson R. Webster 

Biology Department 
Virginia Polytechnic Institute and State University 

Blacksburg, Virginia 24061 

ABSTRACT—The stream ecosystems of eastern deciduous 

forests are highly adapted to their riparian terres¬ 

trial surroundings. Particulate organic matter inputs 

from the riparian vegetation are processed by the com¬ 

bined action of microbes and invertebrates and the me¬ 

chanical action of flowing water. In unperturbed 

Coweeta streams, processing efficiency is 95-99%. Pro¬ 

cessing efficiency is less in watersheds where the 

vegetation has been disturbed. Comparison of Coweeta 

data with other studies suggests a greater processing 

efficiency in southeastern than northeastern streams. 

Most watershed ecosystem studies of nutrient cycles have included 

at least a token study of stream processes. However, from a water 

shed perspective it is often difficult to justify such studies. 

Area-wise, streams form a small portion of any watershed. At Co¬ 

weeta, the surface area of Grady Branch is only about 0.6% of its 

12.46 ha watershed. The surface area which I measured for Big 

Hurricane Branch is 0.4% of the total area of Watershed 7, a 58.7 

ha watershed. On this basis alone, streams contribute little to 

watershed nutrient dynamics. 

Interaction between streams and riparian communities is pri¬ 

marily one-way. In a first-order stream, I measured a particulate 

organic input of 247 kg y” and a return as emergent adult insects 

of 298 g y about 0.1%. For a soluble nutrient this return is 

even smaller. I calculated a return of potassium of 0.004% and of 

calcium, 0.0008%. The biological and meteorological feedback from 

aquatic ecosystems to terrestrial ecosystems (Likens and Bormann, 

1974) is certainly small compared to the overall downward movement 
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of nutrients (Leopold, 1941) and in itself cannot justify includ¬ 

ing stream work in watershed studies. 

A justification often given for stream studies is that nutri¬ 

ent concentration measurements made at a weir pond do not reflect 

terrestrial ecosystem outputs because of changes which may occur 

within the stream. Nutrient concentrations generally increase 

downstream when distances of many kilometers are considered (Hynes, 

1972). However, within the length of streams on Coweeta water¬ 

sheds, I have been unable to detect significant dissolved nutrient 

concentration changes. There are significant alterations of the 

particulate organic input, but though this may be significant to 

the stream ecosystem it constitutes a small fraction of the water¬ 

shed ecosystem budget. Additionally, watershed budgets are only 

claimed to reflect watershed ecosystem processes, terrestrial and 

aquatic, though most interpretations of nutrient budgets of per¬ 

turbed watersheds consider only terrestrial aspects. 

Another reason for studying streams is that they represent a 

site of watershed perturbation impact. The terrestrial ecosystem 

itself is altered by such perturbations as logging, fire, or defo¬ 

liation, but the terrestrial impact does not extend much beyond 

the watershed boundaries. In contrast, impacts to the stream, 

such as siltation, nutrient loading, flow alteration, and tempera¬ 

ture increase, may extend well downstream from the perturbed water¬ 

shed. So certainly for impact analysis stream studies are criti¬ 

cal . 

The major reason for studying streams in conjunction with wa¬ 

tershed studies is not the importance of streams to watershed dy¬ 

namics, rather the importance of watershed dynamics to stream eco¬ 

systems. Just as woodland streams receive their inputs from the 

terrestrial ecosystem, stream ecologists, such as myself, receive 

their information input from their terrestrially oriented col¬ 

leagues. Hynes (1975) reviewed the ways in which the "valley rules 

the stream" by determining such stream characteristics as ion 

availability, slope, and the supply of organic matter. In this 

paper I want to look at one of these factors, the supply of large 
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particulate organic matter (LPOM) and what happens to LPOM in the 

stream. 

As Hynes (1975) expressed it, it is a "recent appreciation" 

that most of the energy supply of streams is allochthonous. 

Several studies in the past twenty years have documented the domi¬ 

nance of allochthonous over autochthonous energy inputs, especial¬ 

ly in low-order streams on wooded watersheds (e.g., Teal, 1957; 

Tilly, 1968; Hall, 1972; Westlake et al., 1972; Fisher and Likens, 

1973). Once in the stream this large particulate material, pri¬ 

marily leaves, is broken down by combined microbial and animal ac¬ 

tivity and the mechanical action of water into fine particulate 

and dissolved organic matter. Cummins (1973, 1974) introduced the 

concept of functional groups to* categorize invertebrate consumers 

according to their feeding mechanisms. He also emphasized and re¬ 

viewed the synergistic action of invertebrates and microbes 

(Cummins, 1974; Barlocher and Kendrick, 1975). Barlocher and Ken¬ 

drick (1973a,b) made extensive studies of the importance of fungi 

in the diet of an aquatic detritivore. Additionally, the coloni¬ 

zation and growth of microbes on submerged leaves has been examined 

in several studies which documented the importance of microbes in 

the breakdown process (Kaushik and Hynes, 1968, 1971; Triska, 1970; 

Barlocher and Kendrick, 1974; Suberkropp and Klug, 1976). 

There has been little study of the importance of mechanical 

fragmentation of leaf breakdown. Reice (1974) found no significant 

difference between leaf breakdown rates in an aquarium and an ex¬ 

perimental flow channel with a current velocity of 4 cm/sec. How¬ 

ever, a comparative study of leaf breakdown in a stream and pond 

showed significantly faster breakdown in the stream (Witkamp and 

Frank, 1969). Also, I have shown that breakdown rates of confined 

leaves are much slower than rates estimated from stream budgets 

(Webster, 1977). This suggests significant mechanical breakage as 

leaves move downstream. 

In this paper I have looked at the leaf breakdown process as 

a holistic property of a stream ecosystem, rather than at the in¬ 

dividual factors involved in the process. The stream ecosystem is 
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viewed as a processing block which receives large particulate or¬ 

ganic matter (LPOM) from the terrestrial vegetation, processes it, 

and discharges LPOM, fine particulate organic matter (FPOM), and 

dissolved organic matter (DOM). The LPOM processing efficiency, 

the ratio of LPOM output to LPOM input, expresses, in part, the 

ability of the stream community to utilize available inputs and is 

a measure of the adaptation of a stream ecosystem to its terrestri¬ 

al surroundings. 

DESCRIPTION OF STUDY SITE 

The studies covered in this report include the streams drain¬ 

ing four watersheds at Coweeta Hydrologic Laboratory, Macon County, 

North Carolina (Table 1). Watershed 18 is a control watershed 

Table 1. Characteristics of streams at Coweeta. 

Watershed 
number 18 17 6 

7 
(Big Hurricane 

Branch) 

Watershed area (ha) 12.5 13.5 8.9 58.7 

Vegetation Hardwood 
Forest 

White 
Pine 

Planta¬ 
tion 

Grass- 
to- 

Forest 
Success¬ 
ion 

Hardwood 
Forest 

Average stream flow 
during study ^ 
period (1 sec ) 

6.2 5.0 3.7 12.1 

Main stream length 
(m) 

345 310 370 1225 

which has been undisturbed since acquisition of the area by the 

Forest Service in 1924. The dominant vegetation includes chestnut 

oak, red maple, scarlet oak, northern red oak, tulip poplar, pignut 

hickory, and black oak. Understory vegetation includes rhododen¬ 

dron, mountain laurel, and dogwood. Watershed 17 was cleared in 

1942 and planted in white pine in 1956. Hardwood sprouts were cut 
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back or treated with herbicide to prevent competition with the 

pine. "Watershed 6 has had a long history of manipulations. In 

1942 riparian vegetation was cut. In 1958 all timber was removed 

and the cover was converted to fescue grass. From 1959 to 1965 

various fertilizers were applied to the watershed. In May, 1966, 

and for two subsequent years the grass cover was killed with herb¬ 

icides. Since spring 1968, the watershed has been allowed to re¬ 

vert to successional vegetation. During this study, 1972-1974, 

the vegetation was primarily blackberry and black locust. 

The streams on these first three watersheds are basically 

first-order, though on WS 18 there is a small perennial tributary 

which joins the stream just above the weir pond. WS 7 is substan¬ 

tially larger than the other watersheds, and Big Hurricane Branch, 

a second-order stream, is considerably larger than the other 

streams. The only perturbation to WS 7 since Forest Service man¬ 

agement was a woodland grazing experiment. Six cattle grazed the 

watershed from 1941 through 1952 but had little impact on the veg¬ 

etation . 

All four streams are equipped with V-notch weirs for flow mea¬ 

surement. High flows generally occur in late winter and low flows 

in summer and fall. Continuous flow measurements were maintained 

by the Forest Service. 

The stream fauna is dominated by shredding insects, such as 

Peltoperla maria; crayfish, Cambarus bartoni ; and salamanders of 

the genus Desmognathus (Woodall and Wallace, 1972). There is no 

evident periphyton growth. Aquatic macrophytes are absent but in 

some areas the rocks are covered with moss. 

METHODS 

Litterfall 

Leaf litterfall on Watersheds 18, 17, and 6 was measured with 

15 x 300 cm V-shaped aluminum troughs. Four troughs were placed 

along each stream at 50 m intervals above the weir pond. Material 

accumulated in these troughs was collected at least biweekly from 

August, 1972, through January, 1974. On WS 7, six 0.404 m2 litter 
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traps were used for litter collection. One trap was placet^ on 

each bank at each of three sampling stations. Collections were 

made during the 1974 leaf fall period. All litter collections 

were dried and weighed in the laboratory. 

Blow In 

Blow in, lateral movement of leaf litter into the streams, 

was measured on WS 7 with 12 lateral movement traps, two located 

on each bank at each sampling station. These traps consisted of 

10 x 30 x 40 cm boxes with wooden tops and ends and a sheet metal 

bottom. The upper side (40 cm) was open to collect leaves and the 

lower side constructed of screen to prevent accumulation of water. 

Periodic collections were made from these traps from September, 

1974, through June, 1975. Collected material was dried and weigh¬ 

ed . 

Large Particulate Organic Matter Standing Crop 

LPOM standing crop was estimated from collections made with a 

Surber square foot sampler with a 0.57 mm mesh net. During 1972- 

1973, three samples were collected monthly from the streams on the 

three smaller watersheds. The following year ten samples per 

month were collected from Big Hurricane Branch. The LPOM in the 

samples was sorted, dried, and weighed. Similar collections were 

also made in Shope Fork, the fourth-order stream into which Big 

Hurricane Branch empties (10 samples per month); an upper, third- 

order reach of Shope Fork (10 samples per month); and the stream 

draining WS 2, a 12.1 ha hardwood forest watershed (3 samples per 

month). 

Large Particulate Organic Matter Discharge 

The organic material carried from the watersheds as suspended 

or floating particulates was estimated by making periodic collect¬ 

ing with drift nets placed in the streams immediately above the 

weir ponds. Sand bags were used to direct all stream flow into 
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the nets. On Watersheds 18, 17, and 6, all samples were 24 h col¬ 

lections. Most collections made on WS 7 were also 24 hr, but be¬ 

cause of problems with the net overflowing, a number of 4 h samples 

were also collected. The mesh opening of nets used on WS 18, 17, 

and 6 was 0.7 mm. This was increased to 1.0 mm on WS 7 to allow 

comparison with other research sites. All LPOM drift samples were 

placed in plastic bags and preserved with formalin. The LPOM was 

subsequently sorted, dried, and weighed. 

RESULTS 

Litterfal1 and Blow In 

In all four streams, leaf litterfall was greatest during au¬ 

tumn (Figs. 1 and 2). The autumnal pulse was greatest from the 

hardwood canopies but evident in the pine and old field water¬ 

sheds. Blow in to Big Hurricane Branch (WS 7) was also greatest 

in autumn but continued through most of the year (Fig. 2). 

Annual litterfall was greatest into the stream on WS 18 and 

least into Big Hurricane Branch (Table 2). Litterfall rates for 

WS 18 and WS 17 were similar to measurements made by Cromack and 

Monk (1975) on the same watersheds. Litterfall into Big Hurricane 

Branch was substantially smaller than concomitant measurements made 

by Waide and Swank (personal communication). Thus, the relatively 

smaller annual litterfall into Big Hurricane Branch probably re¬ 

flects an actual site difference with lower litterfall along the 

Table 2. Allochthonous inputs to four Coweeta streams. 

Watershed 18 17 6 7 

Leaf litterfall (g m”^ y ^) 

-2 -1 
Blow in (g m y ) 

353.2 318.8 285.8 273.1 

445.4 

2 
Stream area (m ) 699.2 379.9 276.8 2519 

Total allochthonous input 

(kg y-1) 
247.0 121.1 79.1 1810 
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Fig. 1. Litterfall rate into the streams draining a hardwood 

forest (WS 18), pine plantation (WS 17), and old field (WS 6). 

stream than in other areas of the watershed. Possibly the width of 

the second-order stream is enough to decrease litterfall. For the 

first-order streams, litterfall was less in the perturbed vegeta¬ 

tions (WS 6, WS 17) than in the unperturbed watershed. Leaf 

litterfall to the unperturbed streams was more than Fisher and 

-2 -1 
Likens (1973) found at Hubbard Brook, 305 g m y , and more than 

-2 
McDowell and Fisher (1976) reported for Roaring Brook, 274 g m 
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Fig. 2. Litterfall and blow in to Big Hurricane Branch, Watershed 

7. 

y~^. Hall (1972) found considerably higher litterfall into a 

-2 -1 
stream on the North Carolina piedmont, 476 g m y , but in gener¬ 

al, litterfall at Coweeta is typical of temperate deciduous forests 

(Cromack and Monk, 1975). 

The input of allochthonous material to Big Hurricane Branch 

-2 
via blow in was 445.3 g m , 62% of total particulate input. This 

is considerably higher than the fraction of total input from blow 

in found by Fisher and Likens (1973), 21.7%, and McDowell and 

Fisher (1976), 21%; but it is similar to a small Oregon stream 

where blow in accounted for 55% of the total input in 1973 and 66% 

in 1974 (J. Sedell, personal communication). The total input in- 

-2 -1 
eluding leaf litterfall and blow in, 718.4 g m y , is more than 

reported by Fisher and Likens, McDowell and Fisher, and Hall, but 

-2 -1 
it is within the range of 200-800 g m y reported by Vannote 

-2 -1 
(1969) and very similar to the 800 g m y used by Cummins (1971) 

in his general stream model. 

Large Particulate Organic Matter Standing Crop 

LPOM standing crops were greatest in late fall and early 
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winter following leaf fall. The average annual standing crop was 

greatest in the first-order streams draining unperturbed forests, 

WS 2 and WS 18; less in the first-order streams draining perturbed 

watersheds, WS 17 and WS 6; and less in higher-order streams, Big 

Hurricane Branch and Shope Fork (Table 3). In a comparable study 

Table 3. Particulate organic matter standing 

crops in Coweeta streams. 

Watershed 18 17 6 7 

Shope 

Fork 

Upper 

Shope 

Fork 2 

Average annual POM 

standing crop (g 

m-2) 

165 106 97 104 41 14 134 

at Hubbard Brook, Fisher and Likens (1973) found a mean summer 
_2 

standing crop of 1190 g m , a large portion of which was branches, 

-2 -2 
530 g m . Still, 660 g m of leaves and twigs is substantially 

greater than the highest standing crops found at Coweeta. 

Large Particulate Organic Matter Discharge 

LPOM discharge from WS 6, WS 17, and WS 18 was directly cor¬ 

related to discharge (Fig. 3). This relationship was not initially 

observed with data from Big Hurricane Branch. However, when the 

data were divided into four seasons, I found three significant 

linear relationships (Fig. 4). Using the equations in Table 4, 

total annual LPOM discharge was calculated from mean annual dis¬ 

charge (WS 6, WS 17, WS 18) or from 365 daily stream flow values 

(WS 7). These data are shown in Table 5. In Big Hurricane Branch 

the majority of LPOM discharge occurred during periods of high 

flow. There was a close correlation between high flows in March 

and April and high LPOM discharge (Fig. 5). There were also sever¬ 

al periods of high LPOM discharge in November during leaf fall. As 

shown in Table 4 by the slopes of the regression equations, in¬ 

creases in flow produced the greatest increases in LPOM discharge 
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Old Field Hardwood Forest 

Fig. 3. Relationship of detritus (LPOM) drift to stream flow. CSM 

is cubic feet per sec per square mile. Detritus drift measure¬ 

ments are for 24 h periods. 

Fig. 4. Relationship of large particulate organic matter drift to 

stream flow in Big Hurricane Branch, Watershed 7. 
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Fig. 5. Mean daily stream flows (left) and estimated daily large 

particulate organic matter drift (right) from Big Hurricane Branch, 

Watershed 7. 

Table 4. Regression equations relating daily large particulate 

organic matter discharge (g d-1) to stream flow (CSM). All 

correlation coefficients are significant (p = .05). CSM is 

cubic feet per second per square mile. 

WS 18 Y = -6.20 + 8.58 X, r2 = .79, n = 18 

WS 17 Y = -4.78 + 12.19 X, r2 = .76, n = 17 

WS 6 Y = -10.82 + 15.17 X, r2 = .86, n = 16 

WS 7, Big Hurricane Branch 

August - September Y = -61.76 + 66.9 X, r2 = .79, n = 24 

October - November Y = -112.05 + 118.69 X, r2 = .45, n = 19 

December - February no significant correlation, Y = 11.14, n = 13 

March - July Y = -19.24 + 20.91 X, r2 = .79, n = 20 
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Table 5. Large particulate organic matter discharge 

from four Coweeta streams. 

Watershed 18 17 6 7 

Annual LPOM discharge 

(kg y-x) 
11.9 13.4 17.3 18.2 

during October and November. During this period leaf material was 

deposited directly into the stream and continually added to the 

stream bank so that any rising flow washed material into the 

stream. Later in the year after the stream banks had been washed 

clean, little particulate material entered the stream. It was 

only later, with heavy late winter-spring rains and extremely high 

flows, up to 307 1 sec-1, that the stream washed clear a larger 

area. Also during this period there were instances of overland 

runoff which added new material to the stream. 

DISCUSSION 

The data in Table 3 indicate a decrease in LPOM standing crop 

with an increase in stream order. In unperturbed first-order 

streams (WS 18, WS 2) the average annual standing crop was 165 and 

-2 
134 g m . Throughout the length of a second-order stream (WS 7) 

-2 -2 
this average decreased to 105 g m , 133 g m in the first-order 

-2 
reach and 98 g m in the second-order reach. In a fourth-order 

_2 
reach of Shope Fork the average was only 41 g m . The exception 

was the lower standing crop found in a third-order reach of Shope 

Fork; however, this reach is very steep with numerous small falls 

and large boulders. Webster (1977) showed this downstream decrease 

in standing crop within the 1225 m length of Big Hurricane Branch 

and the same trend has been shown is a number of other stream sys¬ 

tems (K. Cummins, W. Minshall, J. Sedell, R. Vannote, personal com¬ 

munication). Since these standing crop values are annual averages, 

this trend suggests that higher order streams more rapidly turn 

over particulate detritus either by transporting it out of the sys¬ 

tem or through the three components of processing: microbial, 
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invertebrate, and mechanical. In Table 6 the processing efficien¬ 

cies have been calculated for four Coweeta streams, three other 

eastern streams, and an Oregon stream. Several trends are evident 

in this table. 

Processing Efficiency in Successional Gradients 

Processing efficiency increased with maturity of the riparian 

vegetation. The three first-order Coweeta watersheds form a matu¬ 

rity gradient: old field, pine forest, hardwood forest. Apparent¬ 

ly the invertebrate and microbial stream community, which evolved 

in the hardwood forest stream habitat, does not perform as effic¬ 

iently in streams where the leaf input is modified. There were 

species changes in the faunal and microbial communities of the 

modified streams (Woodall and Wallace, 1972), but the successional 

communities were not as efficient as the climax stream community. 

Alternative to this explanation of the differences in process¬ 

ing efficiency in WS 18, WS 17, and WS 6, is a consideration of 

stream morphology. The streams on WS 6 and WS 17 are steeper than 

the stream on WS 18 (Table 6). This suggests less erosional action 

in WS 18 which may account for the smaller export of particulate 

material. However, stream gradient is also a characteristic of 

watershed maturity and it is not known to what extent perturbation 

to WS 17 and WS 6 altered channel gradients. 

Downstream Increase in Processing Efficiency 

Comparing WS 18 and WS 7, it appears that processing effic¬ 

iency increases with stream order. If the input to WS 18 is in¬ 

creased to account for blow in, the processing efficiency is still 

less than the 99% found in Big Hurricane Branch. However, because 

of the errors involved in measuring LPOM output this conclusion 

may not be warranted. Sedell et al. (1975) and Triska et al. 

(1975) showed faster leaf pack breakdown in second-order Mack Creek 

than in the first-order stream draining WS 10 at H. J. Andrews Ex¬ 

perimental Forest. They attributed this in part to greater micro¬ 

bial activity and higher invertebrate densities coupled with 
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greater substrate stability in Mack Creek. 

Margalef (1960) suggested that stream community maturity in¬ 

creases downstream. A number of indices of maturity might be con¬ 

sidered, two are relevant to this study, biomass and efficiency. 

Margalef (1963) termed biomass the "keeper of organization of eco¬ 

systems", and on this basis Fisher and Likens (1973) pointed out 

that streams are less organized than forest ecosystems. Webster 

and Patten (1977) used biomass as a measure of ecosystem resistance 

to perturbation showing that streams had less resistance than other 

ecosystem types. These statements further suggest that stream or¬ 

ganization and resistance stability decrease downstream. Hall 

(1972) and Motten and Hall (1972) also found no support for Marga¬ 

lef 's hypothesis based upon P/R ratio, pigments, and production. 

The only evidence supporting a downstream increase in maturity is 

the increase in processing efficiency; however, this is based on 

rather weak data and may not stand up when more accurate data on 

LPOM discharge during high flows is collected. The data from 

Andrews WS 10 shows very clearly that watershed budgets can vary 

greatly from year to year, depending primarily on the hydrologic 

regime. Therefore comparisons of budgets from different streams 

may have little value (J. Sedell, personal communication). Fur¬ 

ther, I should point out that the possible downstream increase in 

processing efficiency is an increase in total stream system effic¬ 

iency, not stream reach efficiency. In a large-order stream sys¬ 

tem, including the smaller-order tributaries, the ratio of LPOM 

input to stream area or volume for processing is smaller than in 

the smaller tributaries. Thus higher processing efficiencies in 

the higher-order stream systems are expected. However, this rea¬ 

soning does not extend to higher processing efficiencies in higher- 

order stream reaches. 

Processing Efficiency in Northeastern and Southeastern Streams 

A third trend indicated by Table 6 is that southeastern 

streams have a greater processing efficiency than northeastern 

streams. This conclusion can be derived from a comparison of Big 
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Hurricane Branch (WS 7) and Bear Brook. There are several possible 

explanations for the lower processing efficiency of Bear Brook. 

Slightly higher temperatures at Coweeta may increase microbial 

processing (Kaushik and Hynes, 1971). Stream temperature at Bear 

Brook ranged from 0-18°C compared to a 4-19°C range in Big Hurri¬ 

cane Branch. Petersen and Cummins (1974) suggested a strong cor¬ 

relation between leaf processing and degree-day accumulation. 

Iversen (1975) found a positive correlation between weight loss in 

0.6 mm mesh bags, which excluded most invertebrates, and mean 

stream temperature. In 6 mm mesh bags weight loss after the first 

month was more closely related to invertebrate colonization. Also, 

Hart and Howmiller (1975), comparing breakdown rates in two 

streams, found faster breakdown in the cooler stream associated 

with greater invertebrate colonization. These studies contrast 

with Mathews and Kowalczewski (1969) who concluded that inverte¬ 

brates were unimportant in leaf decomposition in the River Thames. 

A more indirect effect of temperature is its effect on flow. 

At Bear Brook extremely high flows occur in spring during snow 

melt, whereas at Coweeta there are seldom more than a few inches of 

snow accumulation. The extremely high flows, 1000 1 sec-1 charac¬ 

teristic of spring floods at Bear Brook, are rare in Big Hurricane 

Branch. It follows that at Coweeta leaf material is not washed 

out as rapidly and is retained within the system for microbial and 

invertebrate processing. However this statement is not borne out 

by comparison of turnover rates. Turnover rate, defined as flow¬ 

through divided by standing crop, can be calculated as input over 

standing crop, assuming steady state. For Bear Brook this is 523 
-2 -1 —2 -1 

g m y /600 g m = .79 y and for Big Hurricane Branch, 718 g 
— 2 —1 2 -1 

m y /98 gm = 7.33 y . This indicates more rapid turnover in 

Big Hurricane Branch. Therefore the greater loss of material from 

Bear Brook must be attributed to something other than washout 

caused by high flows. 

Petersen and Cummins (1974) demonstrated a wide variety of 

breakdown rates for various leaf species. This suggests that 

higher processing efficiency in Big Hurricane Branch may reflect a 
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difference in quality of leaf material. Species composition of 

Coweeta leaf litter is rhododendron, oaks, hickories, red maple, 

and tulip poplar. At Hubbard Brook it is beech, birch, and sugar 

maple (Fisher and Likens, 1973). Intrinsically slower breakdown 

of material in Bear Brook cannot be substantiated on this basis. 

My final suggestion for the difference between processing 

efficiencies in Bear Brook and Coweeta is that invertebrate shred¬ 

der activity is greater at Coweeta. Fisher and Likens (1973) es- 
—2 -1 

timated invertebrate production of 4.8 g m y . Assuming 30% 

tissue growth efficiency and an assimilation efficiency of 20%, 
-2 -I —2 —1 

this converts to 80 g m y ingestion. Of the 523 g m y lit¬ 

ter input, invertebrates converted about 15% to FPOM, DOM, or in¬ 

organic carbon. In contrast, Webster and Patten (1977) estimated 

detritivore ingestion in Coweeta WS 18 as 76% of litterfall based 
85 

on Sr elimination rates. Increasing litter input to account for 

blow in (using the ratio of litterfall to blow in in Table 2), 

this percentage drops to 29% which is still nearly double the Bear 

Brook value. This difference is also reflected by standing crop 

biomass. In Bear Brook the benthic insect standing crop was esti- 
-2 

mated with Surber samples at 1.51 g m . In Coweeta WS 18, also 
-2 

using Surber samples, we found 1.26 g m benthic insects plus 
2 

1.61 g m crayfish, another important shredder (Woodall and 

Wallace, 1972; Webster and Patten, 1977). 

I conclude that the greater processing efficiency in Big Hur¬ 

ricane Branch reflects greater microbial activity associated with 

higher temperatures and greater invertebrate processing. 

Stream ecosystems found in eastern deciduous forests are high¬ 

ly adapted to their riparian terrestrial ecosystems. A large frac¬ 

tion of the available large particulate material is utilized rather 

than lost downstream. Wallace et al. (1976) discussed adaptations 

of filter feeders to utilize fine particulate material. McDowell 

and Fisher (1976) concluded that small streams are also proficient 

in utilizing dissolved organic matter. From all indications these 

streams are mature, highly organized, and efficient ecosystems 

adapted to maximize utilization of their energy source. 
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DISCUSSION 

Pierce, B.: I would agree with you that the timing on those does look quite different for 

Coweeta as opposed to Hubbard Brook. One of the other suggestions that I would offer, 

possibly one of the differences is the amount of time we have flow. The leaf material 

stays in a rather inert condition four months of the year during the winter period. It's 

frozen under the snow and there is certainly a minimum of organic decomposition going 

on during that period. The other one is the manner in which our streams behave which 

you did elude to. A large amount of the stream volume comes off during the spring 

runoff period and during the fall periods and we found in our measurement of sediment, 

of particulate matter accumulations, and the like that it isn’t the volume of water that 

flows off during the major part of the year that’s important. It’s these major storms that 

really do the destructive damage and the movement of large materials. 

Webster: I think that is what is coming out of Comiskey’s study and the Andrew’s study 

also, is that the big storms are moving everything out. Especially how that timing 

relates to the timing of leaf fall. 

Hayne: How did you jump from fluxes to standing crop. Did you follow the volume of 

the stream or what? 

Webster: Area of the stream. I made standing crop measurements with a surber 

sampler. 

Hayne: They didn't count drift then? 

Webster: No, they included what is there on the stream bed instantaneously. To go from 

input which was measured on a per meter squared basis, I had to work with stream area. 

Hayne: I was trying to connect this with your measurements of blow in and so forth. 

Webster: Those were done on a linear measurement. 

Hayne: I'm curious about the efficiency. It seems to me that must be confounded with 
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the stream length you’re concerned with, isn’t it? 

Webster: Certainly, as I showed, as you go from watershed 18 which was about a 350 

meter stream to watershed 7 which is 1250 meters there is possibly an increase there in 

the efficiency do to more stream processing. 

Hayne: But in calculating this it would seem to me you lack some way of accounting for 

stream length. If you were to calculate on extremely short stream lengths, subtract the 

input and account for the output, you would have extremely low efficiencies, right? 

Webster: It sounds like it, yes. 

Leytham: I noticed that your blow in samplers were very different from those that are 

used at Walker Branch. Could you comment on that and would it make very much 

difference in the measurements? 

Webster: I have one comment on that. I think that Comiskey's are probably much more 

efficient than mine. He did a much better job of sampling. I'm talking about 12 

samplers. I don't know how many he had, but they covered a much larger area and were 

much better done. My measurements are much higher than his and I feel that we are 

probably getting more blow in percentage wise than he is but I don’t know if it’s that 

much more. 

Correll: Could you give us any numbers on actual export of dissolved and fine 

particulates? Did anybody else measure it on the same system? You are saying 95 

percent went to something besides large organic matter particulates, right? How much 

actually got exported as organic matter. 

Webster: No, we don't have any measurements yet of the fine particulate fraction or 

dissolved organic. 

Bliven: It would seem that the blowing into the stream would be a function of the 

streams orientation to the dominant wind direction and when you go to compare one 

stream value with another stream value somehow you have to account for this, is there 

any method for that? 
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Webster: Not that I know of. Certainly, as you say, it's going to vary from stream to 

stream, just depending on the orientation of the stream, the actual slope of the stream 

banks. What we are finding out more and more is that every stream is different and 

really making generalities such as saying the blow in is always a certain percent of 

allochthonous input would be very difficult. 
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DISCHARGE OF SUSPENDED PARTICULATES 

FROM RHODE RIVER SUBWATERSHEDS 

J. W. Pierce and F. T. Dulong 

Division of Sedimentology Smithsonian Institution 

Washington, D. C. 20560 

Abstract - Discharge of total particulate material, as well as the mineral and organic 

phases constituting the total, from a portion of the watershed into the Rhode River has 

been monitored for 3 years. There were 5 monitored streams at the end of 1974 and 

eleven at the end of 1976. Composited, flow-integrated samples are acquired weekly 

from each weir. This data, coupled with water discharge yields the mass of solids 

discharged by the streams. 

Concentrations of solids range over 3 orders of magnitude The highest concen¬ 

trations occur in the summer and early fall; the lowest, in the winter The organic 

phase, as a percentage of the total particulates, is highest in the summer or fall season. 

Precipitation, water discharge and sediment discharge are closely related and 

appear to follow a cyclical pattern that is not annual. For a unit amount of rainfall, 

more water and sediment are discharged in the spring and fall than the other two 

seasons. 

Discharge of solids past the different weirs ranged from a low of 7.5 metric tons 

to over 115 metric tons per years. On a unit area basis the annual discharge ranged 

from 45 kg/ha to over 511 hg/ha. Erosion rates ranged from 0.45 cm/1000 years to 

slightly over 5 cm/1000 years. 

Little change has been noted in the mineralogy of the suspended particles except 

for an increase in quartz and feldspar during periods of high water discharge. This is 

the result of an increase in the discharge of larger particles during the times of high 

flow rates and is probably due to channel and bank erosion. 

Monitoring of one storm event on two streams indicates that spot samples give 

poor estimates of discharge. Over 97% of the weekly discharge occurred during twenty 

four hours of storm runoff; 92% in twelve hours. The weekly flow-integrated 

concentration and average flow rate occurred during 40 minutes and 65 minutes, 

respectively, of the entire week but did not occur at the same time. 

Coring of the sediment deposit in the basin behind one weir suggests that channel 

storage is relatively insignificant on small streams over the long term. As much as 9 
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times the volume of possible stored material was discharged past the weir over a period 

of 1.5 years. 

INTRODUCTION 

The discharge of sediment from uplands into streams and subsequent transport of 

part of this material into estuaries or oceans are expected processes. Such natural 

processes are beneficial and necessary for transport of mineral nutrients and organic 

material to marginal marine areas and, hence, to the ocean. Interference with and 

interruption of such processes are generally not beneficial. An extreme case of such 

interference is exemplified by various control projects along the course of the Nile 

whose construction have caused a drastic drop in sardine fisheries in the Eastern Med- 

iterranian (George, 1972; Aleem, 1972), non replenishment of the soil in the delta area 

(Worthington, 1972), and erosion of the delta front (Kassas, 1972). Interruption of the 

discharge of sediment from uplands will cause increased erosion of stream channels and 

banks because streams have certain capacities for transport of detritus. Loss of an 

upland source will transfer the source of detritus to the stream channels and banks. 

Problems occur also when the mass of discharged sediment becomes so great that 

it causes excessive siltation of harbors, clogs fluvial waterways, overwhelms benthic 

communities, and degrades the esthetic value of the waters. This generally occurs when 

the natural vegetative cover is stripped from the uplands with no attendant control 

practices. 

Wolman (1967) points out that there is little sediment discharge from forested 

areas. The discharge increases drastically when the land is altered for agriculture and 

reaches greatest discharge from areas undrgoing urbanization, after which time the 

amount of sediment discharge is drastically reduced and the character severely 

changed. Guy (1964) listed rainfall-runoff, temperature, and wind as active forces 

affecting erosion and transportation of sediment from the land surface. As passive 

forces, he lists soil character, topography, and soil cover. Each of these factors must 

be considered in developing a model of sediment discharge to a receiving body of water, 

although on a regional basis it is often difficult to evaluate the effect of each one. 

Equations have been developed for discharge of sediment to streams and/or trans¬ 

port by streams. These equations may be deterministic (Foster, et al 1973), statistical 

(Guy, 1964), or simulation (Johanson and Leytham, this volume). Guy notes the 
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difficulty of transferring statistical equations from one stream to another. 

In addition to the effects caused solely by increased sediment discharge, 

suspended particulate matter, including particulate organic matter, is quite often 

associated with chemical species and bacteria commonly considered as pollutants or 

indicative of pollution. The association of pesticides with organic matter and mineral 

particles is well documented (Bailey et al, 1974; Duke, 1969; Pfister et al, 1969; Pionke 

and Chester, 1973; Walsh, 1972; Wu and Mick, this volume). Likewise, trace metals are 

often adsorbed on surfaces rather than being in the dissolved form in water (Angino et 

al, 1972; Alexander and Corcoran, 1967; Wayman, 1967). 

Predictive models are necessary for the management of river basins and the asso¬ 

ciated receiving waters. Such models must cover a variety of substances and their 

interactions. Data upon which to base such models are generally lacking. There even 

seems to be a lack of consensus as to what variables are necessary in the development 

of such a model on a regional basis, given the all important constraints of money and 

time. 

This paper deals with the sediment discharge and loading of streams discharging 

into a tributary of Chesapeake Bay (Correll, this volume). The time period covered is 

from January 1974 (initiation of the project) through November, 1976. 

The data increase in volume as the time after initiation of the project increases. 

Five streams were being monitored by early 1974. Near the end of 1976, eleven 

permanent monitoring stations were in operation as well as two movable weirs. 

Obviously, the usefulness to the development of predictive models increases as the 

volume of data increases, as the techniques are refined and as the equipment becomes 

more dependable. 

MATERIALS AND METHODS 

The gravimentric methods used in this study are combinations and modifications 

of methods developed by Banse et al (1963), Manheim et al (1970), Pierce et al (1972), 

Millipore (1966), and American Public Health Association (1965). Combinations and 

modifications were developed because of problems with any single one of the techniques 

as applied to this study and after experimentation to determine alternatives. 
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Sampling 

A sample is pumped, from just below the notch in the weir, into a 20-1 Nalgene 

bottle after a predetermined flow through the weir. The composite of all of these 

samples is collected each week from each weir. Analyses are run on aliquots of the 

composited samples. If the discharge is so low that insufficient water was collected for 

analysis, a spot sample is taken at the time of sample pick-up. Details of the sampling 

procedure are provided by Correll et al (1975) and of the analyses that are run on the 

samples by Correll (this volume). 

Pre-Processing Preparation 

Numbered membrane filters, 0.45 urn nominal pore-dia., 47 mm dia., are washed 

with approximately 300 ml of filtered, distilled water. The filters are dried in a 

dessicator, equilibrated to ambient conditions, and weighed, over a polonium static 

eliminator, to 0.01 mg. 

Porcelain crucibles, used in firing, are washed in detergent, soaked overnight in 

chromic acid cleaning solution, rinsed, and air-dried. They are then fired to constant 

weight, equilibrated, and weighed to 0.01 mg. 

Sample Processing 

An aliquot of 200-250 ml is taken from each well-shaken composite sample. The 

aliquots are stored, under refrigeration, until filtered, usually less than three weeks. 

The aliquot volume is accurately measured and all passed through a membrane filter. 

The filter is dried over dessicant, equilibrated to laboratory atmosphere, and weighed. 

The weight gain of the filter represents the total mass of particulate in the filtered 

volume. This is standardized to mg/1. 

Only every second filter is used for filtration. The remaining filters as used as 

controls for weight gain/loss of the filters due to humidity changes in the laboratory. 

The weight change of the control filter is used to correct the weight change of the 

sample filter. 

The sample filter is placed in a pre-weighed crucible and fired for one hour at 

1000° C. Weight gain of the crucible represents the mass of mineral matter in the 

sample. The difference between total mass and the mineral phase represents 
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combustible organic matter. Prior to 9 June 1975, the organic matter was destroyed by 

oxidation for 16 hours in 30% H^. 

A larger split of the composited sample, 4 1 if available, or a spot sample is 

filtered through 142 mm dia., 0.45 urn pore membrane filter. The filters are dissolved in 

multiple washings of acetone-ethanol-distilled water; the organics removed by soaking 

in 30% H202; and the amorphous iron removed by dithionite extraction (Jackson 1969). 

The remaining mineral matter is placed on a one-inch glass slide and subjected to 

X-ray diffractometry for identification of the minerals present in the sample. In¬ 

tegrated intensities of the major diffraction peaks are divided by the sum of the 

intensities to give a relative percent of total diffracted intensity for each mineral 

(Carroll, 1970). These data are not reported as percent of minerals present because of 

conversion problems (Pierce and Siegel, 1973). 

Geographic Setting 

The Rhode River is a small tributary to Chesapeake Bay on the western shore of 

the bay. Eleven monitored streams were operational at the end of 1976. Each water¬ 

shed has a mix of different land uses. Details of land use, location of the Rhode River, 

and of the eleven monitored streams are covered in Correll (this volume). 
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RESULTS AND DISCUSSION 

Data Distribution 

Interpretation of data is strongly dependent upon the reliability of the sampling 

and the number of missing data points that must be estimated. The missing data can be 

due to mechanical failure, human error, or to a flow of such low volume that integrated 

samples were not available. For the most part, human errors have been minimal and 

mechanical failures have been reduced. Fewer gaps appear in the data, on a percentage 

basis, for 1976 than for the 1974 with the exception of weir 107 (Fig. 1). When the stream 

was not flowing, no data were obtainable and as such was not counted as missing data. 

% of Data Available 

Fig. 1. Data availability as a percent of potentially available data for water 
(Q ) and sediment (Q ) discharge at 7 weirs over the three year period, 

w s 

Concentrations 

Concentrations of suspended particulate material ranges over three orders of 

magnitude for both total and mineral matter (Table 1). The maximum concentration 

for the different weirs occur on three different days in 1974; two in 1975 and five in 

1976. Most of these days are in the months of June through September, times of 
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thundershowers rather than widespread gentle rainfall. 

Highest average concentrations occur most often during the summer months, 

during the same season as the maximum concentrations (Fig. 2). Concentrations of 

Fig. 2. Average weekly concentration of 
total solids. 
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mineral matter closely follow that of total material. The weekly averages for the 

different years follow a general trend of high during the summer with the lowest con¬ 

centrations occurring in the winter season. It should be pointed out that the streams 

stopped flowing in mid-summer of 1974 and that the low flows during the early part of 

the summer carried minimal amounts of particulate material. 

The organic phase of the solids ranged from none to 69% in 1975 and 5 to 64% in 

1976 for weir 101, chosen as an illustration for all weirs (Fig. 3). The highest organic 

Fig. 3. Percentage of particulate organic 
material as part of total solids (1975-1976) at weir 101. 

percentages occur in the summer in 1975 and the fall of 1976. There is a significant 

difference between the fall of 1976 and the other seasons of this year. The spring of 

1975 is exceptionally low in organic matter. 

The ranking of the different weirs according to concentrations, changes from year 

to year. Weir 108 had the highest concentrations in 1976, was fifth in 1975, and third of 

five in 1974. Streams 102 and 103 consistently had lower concentrations than the other 

streams. 
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Discharge 

The amount of particulate material discharge by a stream depends not only on 

concentration of material in the water but also on the amount of water discharge. The 

amount of particulate minerals in suspension depends, in a very large part, on the 

amount of material delivered to the stream by overland flow and to the amount of 

material eroded from the stream channel and banks. The organic material can originate 

from the uplands, from vegetation along the stream course, by generation in-situ by 

phytoplankton, and from the dissolved phase (Meyers and Quinn, 1973). 

Guy noted that there are seasonal variations in discharge. Warm season storms 

have a greater range of water discharge and the sediment discharge is often higher. In 

addition, storms during this season are more common than during the cooler months. 

Both water discharge and discharge of solids show a seasonal variability and are 

dependent upon the form of precipitation. 

The distribution of water discharge, sediment discharge, and rainfall for different 

seasons of the three years lends support to this idea (Table 2). In 1974, forty-one 

percent of the precipitation for the year occurred during the spring months (March - 

April - May), followed by the fall (28%), summer (20%), and spring (11%). Three of the 

Table 2. Seasonal distribution of rainfall, water discharge, 
and total solids discharge as a percentage of total for the year. 

SEASONAL PRECIPITATION, % OF YEARLY TOTAL PARTICULATE DISCHARGE, % OF YEARLY WATER DISCHARGE 

%WTRDIS/ 

/ % TP DIS 
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weirs had the highest water discharge during the spring. One weir (108) had the highest 

water discharge during the fall season. The greatest sediment discharge occurred in the 

spring at all weirs. It should be pointed out that no integrated samples were analyzed 

during the fall season for weir 108. 

In 1975, nearly equal amounts of precipitation occurred in the spring, summer, and 

fall. Of the three weirs with sufficient data, most of the water discharge (65%) 

occurred in the spring and fall as well as most of the sediment discharge (73%). 

Precipitation was low in the spring of 1976 but nearly equal for the other three 

seasons. As opposed to the equality of precipitation, discharge of water amd sediment 

tended to be concentrated in the winter, decreasing as the year progressed. 

Water and sediment discharge and rainfall appear to have a cyclical pattern not 

entirely consistent with the seasons (Fig. 4). A peak occurs in the spring 1974. There is 

a general decrease to the winter 1975 and then an increase culminating in the winter of 

1976. Following this is a general decrease. 

d 
_n 

s: A /.'-f 

Fig. 4. Bar graph of cyclical pattern of rainfall, water discharge (Q ), 
and total solids discharge (Qg). 
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Four weirs have sufficient data so that we can calculate the amount of material 

discharged from the watersheds for the 2 or 3 years that our records exist. Some of the 

data have been estimated. 

The estimates are based on spot samples or on flow average/concentration 

average for the appropriate weir and all other weirs operating at that time. Generally, 

the estimations are for times of very low flow. Because of such low flow volume, only a 

very large error in the concentration estimate would cause a significant error in the 

sediment discharge. 

Discharge of particulate material past the weirs ranged from 7.5 metric tons at 

weir 105 in 1976 to over 115 metric tons at 101 in 1975 (Table 3). This is the mass delivered 

to the estuary during the time period. This mass is highly dependent upon the area of 

Table 3. Total and mineral solids discharged past weirs for 1974 
through 1976. 

DISCHARGE 'metric tons) PER YEAR 

WEIR 

IS 

TOTAL 

>74 

MINERAL 

IS 

TOTAL 

>75 

MINERAL 

19 

TOTAL 

76 

MINERAL 

101 16.9 14.4 115.6 96.0 72.5 60.8 

102 8.6 8.4 29,3 23.1 24.3 19.0 

103 62.6 51.9 

105 13.8 9.7 7.5 6.0 

108 12.0 10.3 71.8 _48.2_ _55.2_ 45.8_ 

the watershed with weir 105 monitoring one at the smaller watersheds. 

Another way of looking at these values is on a unit area basis. The annual 

discharge of total material ranged from slightly over 45 kg/ha/yr past weir 102 in 1974 

to over 511 kg/ha/yr past weir 101 in 1975 (Table 4). The amount of mineral eroded per ha 

is slightly less, ranging from about 39 kg/ha to 425 kg/ha for the same weirs. 

Erosion rates for the entire watershed can be calculated if certain assumptions 

are made. The major assumptions are the density of the soil and how to allocate the 

eroded material to the area of the watershed. Maximum density of compacted soils of 
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Table 4. Total and mineral solids discharge on a 
hectare (ha) basis. 

Kg/ha 

3 
the area, at optimum moisture content, ranged from 1.46 to 2.08 g/cm (Soil Cons. 

Serv., 1973). The optimum moisture content ranged from 9 to 24 percent. Totally dry 
3 

soil, not compacted, could reasonably be expected to have a density of about 1 g/cm in 

the uppermost layers. We have chosen to allocate the erosion loss equally, for both 

total material and mineral solids, to the total area and also to allocate 90% of the loss 

to cropland. 

The calculated values must be viewed as the amount of soil loss past the weirs for 

the time applicable and not as soil loss from the uplands at the present. No allowance 

has been made, nor can be, for temporary storage or in-transit time of material after 

erosion from the uplands. Thus, some of the material may have been eroded from fields 

several years ago. It had been stored temporarily along the grassy edges of the fields, 

in wooded areas, or in the stream bed. 

Erosion rates ranged from 0.45 cm/1000 years for total material lost from water¬ 

shed 102 in 1974 to over 5 cm/1000 years in watershed 101 in 1975 (Table 5). Using 

mineral values only, the rates are slightly less. These values agree reasonably well with 

estimated rates of 4 to 5 cm/1000 years for the Atlantic region of the United States 

(Judson, 1976). 

The erosion rates would be 1.42 to over 16 cm/1000 yrs if we arbitrarily assume 

that 90% of the discharged sediment is derived from cultivated fields. Wadleigh (1968) 
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Table 5. Erosion rates calculated using total solids 
(upper value) and mineral solids only (lower value). 
Values are cm/1000 years. Lower part of table 
based on assumption that 90% of material is derived 
from cultivated fields. 

estimates that only 50% of the eroded sediment can be attributed to agricultural land 

use although measured rates of erosion from soil plots are considerably higher than our 

estimated values (Ursic and Dendy, 1965). 

Mineralogy of Solids 

The X-ray diffraction data have not been fully evaluated for relationships between 

watersheds, to discharge volume, to concentration, nor to possible seasonal changes. 

Little differences are expected to appear between watershed. The mineralogy of the 

soils in the different watersheds is quite similar. 

The only change evident from the preliminary examination of the data relates to 

water discharge. At low flow rates, the mineral solids are primarily clay minerals 

which tend to occur in the finer size fractions. These fractions are the only sizes 

transported during low flow stages. 

At higher discharge rates, more quartz and feldspar are present in the samples. 

These minerals occur more often in the coarse silt and sand sizes, which are transported 

only at high flow. The increased presence of these minerals at times of high discharge 

indicates bank erosion, resuspension of material from the channel, or contributions from 

overland flow. Whether the changes can be used to discriminate storm discharge from 

base flow, on a weekly basis, is not known at the present. 

Storm Discharge 

The automated sampling equipment does not have, as yet, a fraction collector for 

monitoring storm events so as to assess their relative contribution to total discharge. 

Guy (1965) points out that a very large percentage of the discharge of both sediment and 

water occurs during storms. 

One storm had been monitored manually at two of the weirs (101 and 102). During 

the period from 0100 to 1200, 7 December 1976, 3.6 cm of rain fell, as monitored at the 

recording rain gauge. The first grab sample was taken at 0800 on 7 December. Eleven 
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more samples were taken through the day until 1625. During the rising hydrograph and 

near the peak water discharge, samples were acquired at approximately one half hour 

intervals and then approximately one hour apart later in the day. Two samples were 

taken on both 8 and 9 December and one on 10 December. Fifteen minute readouts of 

flow rate were obtained from the automated sampling system. Flow rates and volume 

for the entire week and for the previous week were obtained for both weirs. Spot 

samples only were available for both weirs for the previous week and a spot sample was 

taken at weir 102 for the week of the storm. A composite, flow-integrated sample was 

available from weir 101 for the week of the storm. 

The hydrograph started a rapid rise between 0715 and 0730 on 7 December and 

peaked during the period between 1000 and 1030 (Fig. 5) with a flow rate of 218.5 1/s. 

Flow past weir 102 peaked slightly later, around noon. Maximum concentrations of sus¬ 

pended material were found in samples taken at 0950 at weir 101 (Fig. 5) and at 1115 for 

weir 102. The maximum concentrations were 586.2 mg/1 and 227.9 mg/1 for 101 and 102, 

respectively. 

Fig. 5. Flow rates (1/s) and concentration (mg/1) of total solids 
from 0800, 7 December to 1400, 8 December 1976. 
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Maximum concentrations of both mineral solids and organic particulates peaked at 

the same time at both weirs. The relative amount of organic material as a percent of 

total particulates increased during the falling hydrograph, although concentrations 

decreased, constituting about 44% of the total material at weir 101 and 35% at 102 late 

on 9 December. 

Both streams appear to be reacting the same to the storm event with 102 being 

slightly delayed in peak flow and maximum concentrations. Concentrations were higher 

at 101 but instantaneous flow rates were greater at 102. Both differences indicate 

slightly different hydrologic characteristics of the basins. 

Peak discharge of total solids occurred between 0945 and 1000 at weir 101 (Fig. 6). 

The peak discharge of solids occurred after maximum concentrations because of increas¬ 

ing water discharge although concentrations were decreasing. During the period 

Fig. 6. Water discharge (104 1) and sediment discharge (kg) for 
time increments from 0800, 7 December to 0800, 8 December 

1976. 
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between 0800, 7 December and 0800, 8 December, we estimate 1262 Kg of total solids 

passed weir 101 consisting of 1036 Kg of mineral solids and 226 Kg of organic 

particulates. During the one half-hour between 0930 and 1000, 210 Kg of total solids was 

discharged. 

For the entire week ending 13 December 1976, the composited sample had con¬ 

centrations of 56.96 mg/1 of total particulates, 43.36 mg/1 of mineral, and 13.6 mg/1 of 
g 

organic material. The weekly discharge of water was 22.8 x 10 1 giving a weekly 

discharge of 1298.7 Kg of total solids, consisting of 988.6 Kg of minerals and 310.1 Kg of 

organic matter 

During the one half hour from 0930 to 1000, 16% of the weekly discharge of total 

material occurred. In time intervals, 41% of the weekly discharge occurred in the first 

2 hours; 73% in 4 hours; 87% in 8 hours; and 92% in 12 hours. Slightly over 97% of the 

weekly solids discharge occurred in 24 hours. 

For weir 102, 626.5 Kg of total particulate was discharged during the twelve hours 

from 0800, 7 December to 2000, 7 December. Thirty-three percent of this occurred 

between 1100 and 1200. No composite sample was available from weir 102 for the week 

of the storm event but, based on the data from 101, we estimate that 681 Kg of material 

passed weir 102. 

This storm event permits an evaluation of the usefulness of using spot samples to 

calculate discharge of solids. A spot sample, taken at weir 102 at the end of the week 

of the storm event, had a concentration of 4.39 mg/1. This concentration, multiplied by 

the water discharge for that week, gives an estimate of 93.5 Kg of solids discharged for 

the week or only 14.9% of the total that was calculated for the storm event. 

Examining the data for weir 101, the concentration of the composited sample for 

the that week (56.96 mg/1) occurred twice during the week, once on the rising 

hydrograph and once on the falling. If we assume that a 10% error is permissible, 

concentrations between 62.7 and 51.3 could be used. These concentrations occurred for 

about 5 minutes on the rising hydrograph and 35 on the falling or for a period of 40 

minutes out of the week. Thus, one would have about .004 probability of obtaining the 

weekly average concentration by taking a spot sample. If it is necessary to use stage 

heights for estimation of weekly flow, further difficulties are encountered. The 

average water discharge, 37.7 1/s, occurred for about 5 minutes on the rising hydrograph 

and for about an hour on the falling, for a total of 65 minutes. The probability of 

reading the stage at this discharge is .006. It should also be pointed out that the 

average concentration and average water discharge did not occur at the same time. 

547 



One of the problems encountered in sampling is the accuracy of the sampling 

procedure. At times of high flow especially, concentrations of total material fluctuate 

about a mean value, with fluctuations in the mineral and organic material contributing 

to the total. A sample represents the concentration at the time of acquisition. 

The calculated amount of mineral solids discharged during the storm event 

exceeds the amount calculated for the entire week. We believe that this is a case of 

fluctuations about the mean or precision in the laboratory. The storm discharge (1036 

Kg) does fall within 10% of the calculated weekly value of 989 Kg. 

Entrapment in Settling Basin 

Construction of any barrier in a stream course creates a settling basin. All bed 

load and some of the suspended load will be deposited in this basin until it fills. 

Reservoirs behind large dams are effective settling basins while the efficiency of a 

weir, on small watersheds, to interrrupt suspended and bed load is not well known. 

During 1976, some of the streams stopped flowing and the settling basins became 

dry. A coring program was carried out on one stream (103) to determine the mass of 

material entrapped in the basin. 

A grid pattern was superimposed over the basin and 43 cores taken at grid inter¬ 

sections. Depth of penetration and core recovery were noted. Mass of material in the 

upper layers was determined by dividing dry weight of the materials by the in situ 

volume. 

A sandy, clayey silt, slightly reddish in color, was the lowermost unit penetrated 

by the cores. Overlying this was a dark layer of humus, the only consistent marker 

throughout the settling basin. Overlying the humus was a gray silty clay that ranged in 

thickness from 0 to more than 43 cm (Fig. 7). The cores did not reach the humus layer 

at 3 locations. Thus, at these stations, the thickness contoured is minimal. 

After the coring program was complete all sediment was removed from the basin 

and placed downstream of the weir. Soon after, a heavy rainstorm occurred with a 
6 weekly discharge of 3.07 x 10 1. This flow, much of which undoubtedly occurred during 

one storm, transported into the settling basin approximately the same volume of 

material that had been removed. Little appears to have accumulated since that time. 

It is believed that the material moved into the basin during the week after clean¬ 

out was sediment temporarily stored in the stream channel which, if the basin had not 

been cleaned, would have been transported past the weir or would have remained in the 
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Williamson (103) August 1976 

Thickness - post humus deposit 

Isopach interval: 5 cm 

50 cm 

Fig. 7. Isopach map of sediment deposit above humus layer in settling 
basin at weir 103. 

channels. Construction of the weir undoubtedly creates a new equilibrium profile. 

After establishment of this profile, little further accumulation occurs. Considering the 

size of the stream channel and the increase in water level induced by construction of 

the weir, we believe that no more than three times the amount of material in the 

settling basin will be stored in the upstream channel. 

A total of 2950 Kg of sediment was present above the humus in the settling basin. 
4 

Thus, we believe that no more than 1.2 x 10 Kg would be stored as a result of weir con¬ 

struction. 

In order to compare this with the amount discharge past the weir, we must 

determine when the humus layer was deposited. This layer undoubtedly represents an 

accumulation of leaves which occurred either in the fall of 1974 or 1975. The weir 

became operational in early 1974. Considering the rapidity with which the basin filled 
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with sediment after cleanout, we believe the most logical time of accumulation was 

1974. 

A total of 1.09 x 105 Kg of material was discharged past the weir during the period 

of 1 December 1974 until cleanout. If we assume the accumulation of leaves occurred in 
4 

1975, 4.51 x 10 Kg of material passed the weir. Over the longer time period, the 

accumulation in the basin was only 2.7% of the amount discharge or, using 1.2 x 104 Kg, 

about 11% of the amount discharged may be stored. For the shorter time period, slightly 

less than one year, about 6% of the amount discharged was in the basin and possibly as 

much as 26% accumulated in the basin and channel. 
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DISCUSSION 

Humenik: I really do appreciate the questions you brought to our attention at the 

beginning of the talk. Specifically, because these are the ones we struggle with day by 

day, but after hearing your talk and many of the talks at the conference, I wonder if 

there is not another question that we need to put in there. This is the site impact of a 

lot of the studies that we have been hearing reports of. In fact can they be so site 

specific that it’s hard to translate these results even to an adjoining watershed let alone 

a much different region. This is not a criticism of these types of studies because I think 

they are very important in helping us understand basic mechanisms persuant to modeling 

but I think we should also be very be careful to point out the limitations or constraints in 

giving results associated with small watersheds, specific sites which have practices that 

may really impact what is happening in those small subareas of study, particularly 

management techniques, agricultural management techniques which may not be 

representative or may be highly unusual, so I think somewhere along the way we've got to 

really move on to find out how do we normalize all of this information to make it 

meaningful on an area wide basis. Then you begin to get a better appreciation for some 

of the problems that our regulatory people have in trying to wonder what to do with all 

of this when it is a function of everything in the world such as season, place, 

temperature, rainfall. 

Pierce: Very well put, but another thing that you should point out is that there is a 

limited amount of resource money to collect data so what we need is a predictive way of 

doing it without modeling or without monitoring every stream in the United States. It 

just can't monitarily be done. 

Humenik: We need some tool, we have got to find the best tool to help us get whatever 

we want to find out. 

Wolfe: On what basis did you make your assumption of a density of one for your soil? 

Pierce: What ended up in the weir, after it was air-dried, was .8 grams per cc. 
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Abstract--In mountain streams at the Coweeta Hydrologic Labora¬ 

tory, Franklin, North Carolina, naturally occurring populations 

of enteric bacteria fluctuated seasonally and diurnally. Measure¬ 

ments of enteric bacteria were correlated with stream turbidities 

and stream temperatures. Data suggested that seasonal cycles 

were caused by multiplication of enteric bacteria in bottom sedi¬ 

ments and that multiplication was regulated by stream tempera¬ 

tures. However, fecal streptococci were less responsive to 

changes in turbidity than were coliforms. Elevated levels of 

total and fecal coliforms during storms appeared more related to 

bottom sediment disturbances than to streambank flushing. In 

contrast, increases in fecal streptococcus counts during storms 

appeared more related to the washing of overhanging stream vege¬ 

tation and streambank flushing. Diurnal cycling of enteric 

bacteria during baseflow periods was inversely related to diurnal 

cycles of streamflow. 

INTRODUCTION 

Streams and lakes on forested recreation areas are periodically monitored for 

water quality and closed to the public if pollution reaches dangerous levels. 

Land managers responsible for water sampling and interpretation of water 
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quality standards on these areas should know that enteric or intestional bac¬ 

teria occur naturally in streams, and that physical and chemical parameters 

influence these natural populations. Assessment of the impact of man's activ¬ 

ities on water quality is complicated by these naturally occurring or baseline 

populations, which may be quite large in the absence of human activity (Hanes 

et al., 1965). In this paper, we describe baseline populations of enteric 

bacteria in oligotrophic streams (high in dissolved oxygen and low in 

dissolved nutrients) of western North Carolina and the seasonal and diurnal 

fluctuations of these populations during storm and nonstorm periods. Data are 

also reported for a period of road construction above one of the primary samp¬ 

ling sites. 

METHODS AND MATERIALS 

Study sites 

Streams were sampled at the Coweeta Hydrologic Laboratory in the mountains 

of southwestern North Carolina. This 2,270-ha basin varies in elevation from 

685 m to 1,600 m. The climate is marine with cool summers, mild winters, and 

adequate rainfall in all seasons. Average annual precipitation varies from 

170 cm at the lower elevations to 250 cm at the higher elevations. Snow typi¬ 

cally comprises less than 5 percent of the annual precipitation. There is 

virtually no overland flow from the forest, and quickflow is usually less than 

10 percent of the total flow (Hewlett and Hibbert, 1965). 

The primary sampling site at Coweeta was Shope Fork, one of the two oligo¬ 

trophic streams that drain the basin (Figure 1). Shope Fork, which is gener¬ 

ally free of human activity, drains 760 ha and has a mean daily flow of 

36.3 liters/second/square kilometers. Supplementary data were taken from Ball 

Creek, which drains the other portion of the Coweeta Basin. Sampling was 

begun on two Shope Fork tributaries, Watersheds 2 and 7, prior to road 

construction on Watershed 7. Watershed 2 serves as a control for an 

in-progress cable-logging clearcut on Watershed 7. 

To measure seasonal changes, samples were taken at weekly intervals. Shope 

Fork has been sampled at 1400 hours every Wednesday since August 1972. 
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Figure 1. Map of the Shope Fork drainage basin. 
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Ball Creek was sampled weekly from August 1972 through February 1974. Samp¬ 

ling was initiated on Watersheds 2 and 7 during April 1975. To measure diur¬ 

nal cycles, all streams were intensively sampled for 24 hours each season at 

approximately 3-hour intervals during storm and nonstorm periods. 

Physical and chemical parameters 

All samples were collected in presterilized, wide-mouth bottles fitted with 

ground-glass stoppers and aluminum foil hoods. These samples were taken from 

the flowing portion of the streams at a depth sufficient to exclude surface 

scum without introducing bottom sediment. After collection, the samples were 

returned to the laboratory and processed within 30 to 45 minutes. Time, 

stream temperature and stage, amount of dissolved oxygen, and general climatic 

conditions were recorded. Selected water samples were chemically analyzed for 

pH, NH4+-N, N03~-N, P04=, Cl", K+, Na+, Ca++, and Mg++. Anion concentrations 

were determined with a Technicon AutoAnalyzer and cation concentrations by 

atomic absorption. Turbidity was determined on samples collected since 

April 1975 by filtration through prewashed Whatman GF/C filters. Precipita¬ 

tion was measured at a gage located 23 meters from the sampling site on Shope 

Fork, and streamflows for Shope Fork and Watersheds 2 and 7 were measured at 

the streams' gaging stations. 

Organisms 

Counts of total and fecal coliforms and fecal streptococci were determined 

for all samples collected through March 1975. Only total coliform counts were 

made for samples collected after this date. The standard membrane filter 

technique was used in all cases (American Public Health Association, 1971). 

Total coliforms were incubated at 35° C for 24 hours on M-Endo Media (BBL), 

and fecal streptococci at 35° C for 48 hours on M-Enterococcus Agar (BBL). 

Fecal coliforms were incubated in a water bath at 44.5° C for 24 hours on M-FC 

Broth (BBL). Three plates were prepared for each determination. The colonies 

on each plate were counted twice, and the six values averaged. 
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RESULTS 

Seasonal fluctuations 

The total coliform population at Shope Fork exhibited definite seasonal 

cycles (Figure 2). Counts were near zero in February, increased gradually 

throughout the spring, and averaged approximately 1,000/100 ml during the sum 

mer. Right after leaves started falling, counts peaked at above 2,000/100 ml 

The total coliform count decreased abruptly in mid-October when stream temper 

ature fell below approximately 11.0° C. Storms increased mean total coliform 

counts by factors as great as four during the fall, five during the summer, 

two during the spring, and one or less during the winter. Seasonal patterns 

for fecal coliform and fecal streptococcus counts were similar to those for 

total coliform (Figure 3). 

Of the stream parameters routinely measured, only streamflow and stream 

temperature exhibited any correlation with seasonal counts of enteric bacte¬ 

ria. The correlation with streamflow was inverse; i.e., highest counts were 

obtained during the fall when flow was lowest and lowest counts were obtained 

during the winter when flow was highest. A stronger correlation existed 

between total coliform counts and stream temperature. The plotting of total 

coliform vs. stream temperature at Shope Fork during nonstorm periods was 

sigmoid, with a sharp increase in counts at temperatures near 11.0° C 

(Figure 4). These data were fitted by the equation: 

C = -859.47 (T) + 87.72 (T2) - 2.39 (T3) + 2626.17 

where C = total coliforms/100 ml and T = temperature in degrees Celsius 
2 

(R = 0.79). Samples taken from Ball Creek did not vary significantly from 

the Shope Fork results. 

Diurnal fluctuations during nonstorm periods 

Diurnal fluctuations in total coliform counts at Shope Fork were pronounced 

in the spring and fall and less pronounced in other seasons (Figure 5). 

Counts were usually highest between 1130 and 1400 hours and lowest at night 

between 2400 and 0330. Diurnal fluctuations were least pronounced during 
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Figure 2. Weekly total coliform counts from August 1972 through September 

1973. Storm samples are indicated by arrows. 
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Figure 3. Counts from Shope Fork at weekly intervals from the last week in 

August 1972 through the first week in November 1973 for (a) fecal coliforms 

and (b) fecal streptococci. 
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Figure 4. Stream temperatures versus total coliform counts for a 1-year period 

at Shope Fork. 
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Figure 5. Diurnal fluctuations in total coliforms at Shope Fork during non- 

storm periods according to season. 
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winter, when almost no bacteria were counted in the morning. Diurnal cycles 

for fecal coliforms and fecal streptococci were similar to those for total 

coliforms (Figure 6). 

Of stream parameters measured throughout the day during nonstorm periods, 

the closest correlation was with daily streamflow patterns. During nonstorm 

periods, enteric bacterial counts were inversely related to flow rate; i.e., 

maximum counts always coincided with minimum flow (in the afternoon), and 

minimum counts always coincided with maximum flow (late at night). These 

daily patterns of baseflow are typical at the Coweeta Hydrologic Laboratory 

(Dunford and Fletcher, 1947). 

Bacterial counts were apparently unrelated to daily fluctuations in stream 

pH and inorganic nutrient levels, neither of which exhibited a consistent 

pattern (Table 1). Dissolved oxygen was always at the saturated or supersatu¬ 

rated point in Shope Fork and was, therefore, unrelated to bacterial counts. 

Maximum counts roughly coincided with maximum stream temperatures. However, 

coliform counts began to rise shortly after midnight, while stream tempera¬ 

tures continued to decrease until 0600 to 0800. 

Table 1. Typical fluctuations in bacterial and nutrient levels in Shope Fork over 24 hours 

(February 22-23, 1973) 

Sample 

time 

Counts per 100 ml sample Elemental content (ug/1) 

Total 

coliform 

Fecal 

coliform 

Fecal 

streptococci 
no3"-n nh4'-n P°4 " Cl" K+ Na+ Ca++ Mg++ pH 

1130 50 0 2 5 4 4 540 317 719 719 303 7.40 

1400 90 0 0 5 2 3 520 442 789 720 343 7.35 

1630 70 0 1 7 1 4 595 311 681 725 307 7.20 

2100 6 1.0 0 5 1 4 520 310 717 737 326 7.00 

0100 4 1.0 0 7 2 4 585 297 749 684 309 6.91 

0330 6 0 0 10 2 3 515 302 713 690 302 6.91 

0630 10 0 0 10 2 3 519 293 710 733 296 6.93 

0930 6 0 0 7 6 3 522 300 729 729 300 6.82 

1130 40 0 0 10 6 4 560 306 735 715 296 6.71 
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Figure 6. Typical diurnal cycles for (a) fecal coliforms and (b) fecal 

streptococci during nonstorm periods. 
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Stormf1ow fluctuations 

A total of eleven storms of varying intensity and duration were monitored 

during this study on Watersheds 2 and 7 and Shope Fork. The winter storm 

shown in Table 2 illustrates the response of total coliform counts to extended 

stormflow and elevated stream discharge. Total coliform counts generally 

followed the rising and falling streamflow stages, but were not directly 

related to discharge rates. 

The storm shown in Table 3 was intense, of short duration, and occurred in 

the fall when baseline coliform counts were at a maximum. The table shows the 

differences found in baseline recovery rates for total coliforms, fecal coli- 

forms, and fecal streptococci. Fecal streptococcus counts increased quickly 

after the onset of precipitation and decreased abruptly after its cessation. 

The fecal coliform count increased more gradually after the onset of precipi¬ 

tation, and remained elevated longer after its cessation. Total coliform 

counts peaked at 1500 hours, and had recovered to near baseline levels by 

0130 hours, indicating a recovery time of 10.5 hours from the cessation of 

precipitation. A slight count rise coincided with a small shower at 

Table 2. Total coliforms response to elevated stream discharge 

(February 13, 1973) 

Sample 

time 

Total coliforms/ 

100 ml 

Precipitation 

since last 

sample (cm) 

Streamflow 

(l/s) 

1400 76 0 13.4 

1600 26 0 13.6 

1900 110 .03 13.6 

2300 220 .48 16.0 

0200 74 .53 16.4 

0500 52 .05 20.6 

0800 44 1.09 26.7 
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Table 3. Typical storm recovery rates for total coliforms, fecal coliforms, 

and fecal streptococci at yearly baseline maximums (September 27, 1972) 

Sample 

time 

Counts/100 ml Precipitation 

since last 

sample (cm) 

Total 

coliform 

Fecal 

coliform 

Fecal 

streptococci 

Prestorm 1,400 16 62 

0915 7,000 36 240 1.32 

1215 2,300 22 270 .86 

1500 34,900 370 1,490 .56 

1930 6,500 76 240 0 

2230 6,400 28 60 0 

0130 1,500 14 52 0 

0430 1,850 18 420 Trace 

0800 1,500 20 68 0 

0430 hours, but total coliform counts had again recovered by the next sampling 

period, 3.5 hours later. 

Effects of road construction 

In preparation for logging on Watershed 7, a tributary of Shope Fork, road 

crossings were constructed at three points along the perennial stream draining 

Watershed 7. Total coliform levels increased during and after construction, 

while the control for Watershed 7 revealed no similar increases (Figure 7). 

The increased coliform counts from Watershed 7 were coincident with increases 

in turbidity from a preroad, 7.0 mg/1, to a postroad, 110 mg/1. Mean turbidi¬ 

ties from Watershed 2 for the same periods were 5.0 mg/1 and 6.0 mg/1. Turbid¬ 

ity also increased at Shope Fork from 6.34 mg/1 to 30.6 mg/1 during this 

period, but no similar increases in total coliform were observed (Figure 8). 

The sampling point on Shope Fork was 0.46 km downstream of the Watershed 7 

sampling point. 
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Figure 7. Total coliforms recorded for Watersheds 2 and 7 before 

and after road construction. 
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Figure 8. Shope Fork total coliform counts before (1972-1973) and 

after (1975-1976) road construction. 
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Five storms from May 1975 through December 1976 were monitored at Shope Fork 

and Watersheds 2 and 7. Figure 9 is typical of the timing relationship found 

between turbidity, stream discharge, and total coliform counts. The timing 

between turbidity and streamflow is a well-known relationship (Morisawa, 

1968). The timing response of total coliform counts to streamflow was identi¬ 

cal to that of stream turbidity. 

DISCUSSION 

The results of this study suggest that the most immediate source of total 

and fecal coliforms recovered from Coweeta's oligotrophic streams is stream- 

bottom sediments. Data further suggest that coliforms are able to multiply 

in bottom sediments, and that multiplication is regulated by stream tempera¬ 

tures. Hendricks and Morrison (1967) found that at low nutrient levels, 

enteric bacteria in mountain streams increase significantly at temperatures 

above 16° C, but that little or no growth occurs below 10° C. Hendricks 

(1971) suggested that, even in oligotrophic streams, enteric bacteria might 

multiply in stream bottoms because of the ability of sediments to concentrate 

overlying dissolved nutrients. In this study, numbers of total coliforms, 

and to a lesser extent fecal coliforms, appeared to be a function of the 

amount of sediment in suspension--turbidity and bacterial count responded 

similarly to elevated stream discharge. Increases in baseflow levels of total 

coliforms and turbidities on Watershed 7 during road construction suggest 

that these organisms were directly associated with the streambed sediments. 

Although concentrations of dissolved nutrients in Coweeta streams were only 

1/6 to 1/10 as high as those Hendricks (1971) ascribed as minimal for hetero- 

trophic bacterial growth, Kerr et al. (1971) showed that even small additions 

of inorganic N, P, and C can stimulate growth. No carbon data was compiled 

during this study, but the large increases in total coliforms after the onset 

of leaf fall might be associated with subsequent increases in the organic con¬ 

tents of the stream. The increased turbidities associated with Watershed 7 

road construction were not detectable at the Shope Fork site because the 

diluting effect of Shope Fork is in the order of 10 to 12 magnitudes. 
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Figure 9. Typical timing relationships found between turbidity, stream 

discharge and total coliform counts for Watershed 7. The May 1975 storm 

is a pre-road sample and the May 1976 storm is a post-road sample. 
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Bacterial counts decreased sharply below 10° C in this study, and counts 

increased significantly at temperatures above 11° C. Total coliform counts 

were correlated with temperature increases up to 16° to 17° C. The correla¬ 

tion between coliform counts and small temperature increases above 10° C has 

implications for forest management because Swift (1971) reported that cutting 

adjacent to mountain streams can increase stream temperature 4° C or more. 

Further, the warming of several headwater tributaries of a large stream can 

raise the temperature of the main stream below. 

From a study on the Cache la Poudre River Basin in Colorado, Morrison and 

Fair (1966) concluded that increased bacterial counts, especially during 

stormflow, were associated with increased streambank flushing. Streambank 

flushing at the Coweeta sites appeared to be less important than disturbances 

of bottom sediments. An opportunity to observe the effects of streambank 

flushing when the influence of streambed sediment was at a minimum occurred in 

the spring of 1976. During the first week of April and the second and last 

weeks in May, Coweeta had large storms. The third storm produced the highest 

peak flow on record at Coweeta and, therefore, the greatest stream-streambed 

contact. Following the first storm, and between and during the next two 

storms, unseasonably low total coliforms were recovered from Shope Fork 

(Figure 8). These storms were of such intensity that they apparently scoured 

the stream bottoms of bacteria-associated sediments. Undoubtedly, streambanks 

were also scoured during these high flows, but the streambanks were undis¬ 

turbed for 6 weeks prior to the second storm, and should have recovered to 

some extent. The Cache la Poudre study also found ammonia and phosphate 

increases associated with precipitation that suggested a rapid movement of 

bacteria-laden groundwater to the streams. Similar nutrient increases did not 

occur during this study. Coweeta soils are characterized by minimum overland 

flow and slow groundwater seepage (Hewlett and Hibbert, 1965). 

The sharp increases and decreases in fecal streptococci coincident with the 

onset and cessation of storms indicated that these counts were more closely 

related to precipitation than to suspended sediment. During precipitation, 

fecal streptococci may have been transported to the streams from overhanging 

vegetation. Since enterococci were not directly associated with turbidity, 

these data support the the theories of Mailman and Supien (1934) and Hanes 

et al. (1965) that oligotrophic stream bottoms do not support substantial 
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populations of fecal streptococci. Therefore, enterococci may serve as a more 

reliable index of water pollution than do coliforms. 

In this study, diurnal changes in coliform counts appeared to be caused by 

diurnal fluctuations in streamflow. Baseflow in Coweeta streams is at a mini¬ 

mum in late afternoon and at a maximum late at night. Any increases in 

streamflow that do not disturb bottom sediments would have a diluting effect 

on the total numbers of bacteria recovered per unit volume of sample. This 

mechanism probably accounts for the inverse relationship found between enteric 

bacteria counts and the diurnal fluctuations in streamflow in Coweeta streams. 

While sampling Penrock Creek, a high-elevation stream in Colorado, Kunkle and 

Meiman (1968) found diurnal cycles opposite those in Coweeta streams. They 

found highest diurnal counts in the evening, and lowest diurnal counts in the 

afternoon. They postulated that a delayed reaction to runoff from higher- 

elevation snowmelt accounted for higher evening counts, and that increased 

afternoon isolation depressed the afternoon bacterial population. The con¬ 

trast between the two Colorado studies discussed, and the results from this 

present study in western North Carolina, suggests that the response of enteric 

bacteria to selected physical parameters is somewhat site-specific because of 

differences in soil type, degree of stream channel cover, and climatic 

factors. 
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DISCUSSION 

Ambrose: You said that fecal coliform generally follow the same pattern as the total, do 

you feel that fecal coliform can propagate naturally in these streams? 

McSwain: The data would indicate yes. This is one surprising aspect of the study. Fecal 

coliform responded very much like total coliform. That is, they seemed to be 

temperature related, stream temperature related. They are also closely associated with 

the bottom sediments, which in itself isn't too surprising. The ability of the stream 

bottom sediments to concentrate overlying dissolved nutrients in one area really needs 

some work. 

Ambrose: Are there really enough complex organic nutrients for the fecal coliform to 

propagate well? 

McSwain: I don’t know. 

Chirlin: Were you looking at survivorship rather than natural propagation? 

McSwain: This is one alternate hypothesis. Even the temperature related relationships 

may be a die off rate rather than a multiplication rate. This is possible. 

Burton: What’s the source of these enteric bacteria on the watersheds? Do they come 

from the native animal populations, and if so; what’s the source of the increased enteric 

population associated with road building? 

McSwain: To answer the first part of your question it would have to be wild animal 

populations. As you know, a technique for determining the source of these organisms is 

the fecal coliform-fecal strep ratio, since fecal coliforms are more indigenous to the 

higher warm blooded animals, humans, and fecal strep is more indigenous to the lower 

animals, primarily birds. By dividing the fecal strep count into the fecal coliform you 

get an index. The rule of thumb is that if the index is around one then your source is non 

human, as it approaches four then your source becomes human in nature. 

Wolfe: In looking at your ratios did you find anything to indicate that there was a non 
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human sources for all of these. 

McSwain: Not during baseflow periods. We got some really high index figures during 

storm flow and when you mechanically stir up the bottom the fecal coliform counts 

really jumped up, while the fecal strep counts didn’t increase relatively that much. If 

you just go out and measure the baseflow levels then there is nothing to indicate that 

there is any human impact. 

Wolfe: Did you do any sediment analysis for ratios? 

McSwain: No, this study is still actually going on. 

Faust: I would like to ask you a question related to your last slide where you compare the 

concentration of fecal coliforms and streptococcus and my question is that what are your 

conclusions related to the magnitude of fecal streps which are 20 times greater than 

fecal coliforms. What is the source of these high fecal streptococcus values in your 

samples? 

McSwain: I’m not sure I understand exactly. 

Faust: Why are 25 times greater numbers of fecal streptococcus present in your sample 

than coliforms? Can you speculate the source of these very high number of 

streptococci? 

McSwain: Fecal strep are more indigenous to the lower animals. I feel and this is just an 

hypothesis, that the primary source of fecal strep is probably bird populations. Where 

fecal material is washed into the stream during storm flow from overhanging vegetation 

and from the surrounding stream bank area. 

Correll: I wondered about your interpretation of sources by relating to the hydrograph 

because it doesn’t seem apparent to me that there is a linear relationship between 

baseflow and the peak of the hydrograph and contact with the stream bank. You’re 

trying to say that the source was not bank scouring because the peak concentrations 

didn’t coincide with the hydrograph. I’m not sure that there is that straight forward a 

relationship. 
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McSwain: You are correct. 

Lindberg: Can you tell me what these counts really mean. Is any of this palatable 

surface water or is it all non-palatable? 

McSwain: As a personal feeling I think the levels of coliform in themselves are not 

harmful. It’s like so many water quality things and other things in our environmenta now. 

Olivieri: The groups of bacteria that you presentedtotal coliform, fecal coliform and 

fecal streptocci; these can be subsequently broken down into some of the component 

microorganisms within these groups. Have you done any work on this in terms of an 

attempt to explain some of your data? Looking particularly at enterococci where you 

would eliminate Streptococcus bovis and Streptococcus equinus or looking specifically for 

IMViC positive coliforms in your data in terms of trying to explain these increases that 

you have? 

McSwain: No, I haven't. This would be something that I would certainly want to do 

because it would give us a better handle on to the sources of the input. 

Olivieri: In terms of the fecal coliform to fecal strep ratio, when this was originally laid 

out it was laid out very carefully to take into account these differences within the 

microorganisms within these groups. In terms of laying out a fecal coliform to fecal 

strep ratio the samples have to be taken very soon and have to be very fresh. The ratio 

themselves were developed by looking at feces. In this light we can differentiate the 

feces of humans and non-humans. How can you look at this, at the bottom of a drainage 

system that is infinitely complex and rule out any human contamination, just because the 

ratio is less than one? 

McSwain: Your point is well taken. 

Humenik: Your fecal strep have a much more rapid dieoff rate. You are plagued with 

many problems. You really have to know where your sample was taken in time as 

opposed to the various inputs. Time between defecation and sampling will definitely 

alter the ratio. 
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McSwain: You cannot just take these numbers and draw any conclusions or you shouldn't 

if you are really interested in assessing the potential pollution of a water. There are 

many things that must be taken into consideration. 
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THE ROLE OF NITRIFICATION IN NUTRIENT 

CYCLING OF FORESTED ECOSYSTEMS 

N. A. Phillips, R. Rowe and R. L. Todd 

Institute of Ecology and Department of Agronomy 

University of Georgia 

Athens, GA 30602 

Abstract— In this review nitrate-nitrogen levels in streamflow are compared 

for a number of manipulated forested watersheds. The microbial mediated 

conversion of ammonium-nitrogen to nitrate-nitrogen(nitrification) is 

discussed as it relates to nitrate-nitrogen content in runoff water. 

Finally, hypotheses for system control of the nitrification process are 

reviewed. 

INTRODUCTION 

The observation that vegetation removal increases nutrient loss from 

forested watersheds has led to substantial interest in the study of nutrient 

dynamics within the system. The watershed is an ideal model for studying 

these biogeochemical relationships since it is an ecosystem in which inputs 

and outputs can be quantified. Nutrient flux in manipulated or successional 

systems can be compared to that of undisturbed mature watersheds. The 

nutrient cycle within a mature forest represents a very closed cycle. 
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Most of the elements retained in the biomass are returned to the forest 

soil by litterfall where mineralization occurs. These elements are then 

available for plant uptake. As a result of this close recycling of 

nutrients between the plant-soil-microbe, losses of anions and cations into 

the subsurface water are minimal and tend to balance gains by precipitation. 

However, if a system is perturbed this orderly cycle is altered. Pertur¬ 

bation can range from major vegetation interruption, illustrated by complete 

timber harvests, to lesser perturbations such as insect defoliation of the 

vegetation. Mineralization activity continues at the same or a higher 

rate while plant uptake is altered resulting in an elevated rate of 

nutrient loss from the system. 

Nitrate-nitrogen is the most sensitive indicator of system pertur¬ 

bation and is the most widely monitored nutrient in one system output- 

stream flow. Likens et al., (1970) and Swank and Douglass (1977) indicate 

that the production of nitrate-nitrogen increases in stream water leaving 

areas in which the vegetation has undergone either major or minor 

manipulation. 

MANAGEMENT PRACTICE AND WATER QUALITY 

The most widely employed management practice is the one of timber 

harvesting or the removal of the standing protion of the vegetation. One 

of the first studies on nutrient cycling in shich water quality was 

investigated as a result of a clearcutting operation was completed at 

Hubbard Brook (Likens, et al., 1970). Two watersheds were selected in 

1966 as a site for an intensive study on the effect of timber removal and 

drainage water quality. One watershed was clearcut and subsequently sprayed 
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with herbicides for three successive summers to prevent regrowth. A 

second undisturbed watershed served as a control. Leaching of nitrate- 

nitrogen from the clearcut watershed increased almost 100-fold above the 

control watershed (Table 1). This increase was noted for the next two 

years. Other nutrients were simultaneously monitored; however, nitrate- 

nitrogen demonstrated the most significant increase in loss over the 

control watershed. 

In West Virginia Aubertin and Patric (1974) observed increased 

nitrate-nitrogen loss in a watershed for three years following clearcutting 

(Table 1). The highest nitrate-nitrogen concentration in stream outflow 

occurred on the manipulated watershed. Again nitrate-nitrogen was the 

only nutrient showing a significant difference in losses between the 

two watersheds. 

Fredriksen (1971) at the H.J. Andrews Experimental Forest in Oregon 

investigated nitrate-nitrogen losses as related to clearcutting operations 

in the Northwest (Table 1). Nitrate-nitrogen loss was not as pronounced 

as in the Hubbard Brook study although nitrate-nitrogen loss was signifi¬ 

cantly greater in the disturbed watershed. 

At the Leading Ridge Experimental Unit in Pennsylvania a study was 

reported by Lynch et al. (1974) in which the nitrate-nitrogen was 

quantified in the stream water as it relates to clearcutting selected 

areas on a single watershed. Nitrate-nitrogen exported from experimental 

plots (0.68 KgNO^-N/ha) was slightly elevated as compared to the control 

plots (0.60 kgU03-N/ha). 

At the Coweeta Hydrologic Laboratory near Franklin, North Carolina, 

experiments on water quality as affected by vegetation manipulation are 

also under investigation. In this symposium Swank and Douglass (1977) 
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report different degrees of nitrate-nitrogen loss with respect to varying 

degrees of perturbation. In addition nitrate-nitrogen losses from water¬ 

sheds supporting various successional stages of vegetational are reported 

in Table 2. The nitrate-nitrogen loss from three control watersheds 

averaged 0.05 K gNO^-N/ha/yr. Following a partial defoliation of a mature 

hardwood vegetated watershed (WS 27) the nitrate-nitrogen content increased 

to 0.35 Kg NO^-N/ha/yr. This increase was attributed to a fall canker- 

worm infestation. Data reported for a sixteen year old coppice plantation 

(WS 13) showed an increased concentration of 0.72 Kg NO^-N/ha/yr. A white 

pine plantation (WS 17) was established following the clearcutting of a 

hardwood vegetation in 1955. Following twenty years of white pine growth, 

the average nitrate-nitrogen concentration in runoff water was 1.20 Kg/ha/yr. 

Watershed 6 has had a drastic treatment history and currently supports a 

ten year old grass-to-forest successional vegetation. The nitrate-nitrogen 

concentration in the stream water of this watershed averaged 7.29 Kg/ha/yr. 

This value is the highest reported for any of the Coweeta watersheds. From 

these investigations conducted at Coweeta it may be seen that both minor 

disturbances to mature systems and successional stages prior to maturity 

effect nitrate-nitrogen losses to stream water. 

As reviewed in the above studies evidence is provided that nitrate- 

nitrogen is the major nutrient loss following manipulation of forest 

vegetation. 

NITRIFYING BACTERIAL POPULATIONS AS RELATED TO NITRATE CONTENT IN RUNOFF WATER 

Since the majority of nitrate-nitrogen produced in soils is a result 

of microbial activity, two watershed level investigations have compared 
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Table 2. Nitrate-nitrogen loss from successional 
watersheds at Coweeta (Data from Swank and Douglass, 1977) 

Watershed Nitrate-Nitrogen Loss (Kg/ha) 

Hardwood Control (ws 2&14) 0.05 

Hardwood Defoliation (ws 27) 0. 35 

Hardwood Coppice (ws 13) 0.72 

White Pine (ws 17) 1.20 

Grass-to-forest Successional (ws 6) 7.29 
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the nitrifying bacterial population in the soil and their relationship to 

the nitrate-nitrogen content of runoff water. In one study conducted at 

Hubbard Brook (Smith, Bormann, and Likens, 1968) the Nitrosomonas and 

Nitrobacter populations of a control and a perturbed watershed soil were 

measured (Table 3). The Nitrosomonas population in soil was observed to 

be eighteen times higher and the Nitrobacter population to be thirty-four 

times higher in soil from the clearcut watershed as compared to soil from 

the control watershed. These values show distinctly that the higher the 

nitrate-nitrogen losses from a particular watershed, the higher the 

nitrifying bacterial population in the terrestrial system. 

Table 3. Nitrifying bacteria and their relationship to nitrate-nitrogen 

loss in natural and perturbed systems at Hubbard Brook (Data from Smith, 

Bormann, and Likens, 1968). 

Watershed NO^-N Loss (Kg/ha) Nitrosomonas Nitrobacter 

Control +4.5 3.17xl04 0.32xl02 

Clearcut -57.00 5.65xl05 l.lOxlO2 

Todd et al. (1975) observed a correlation between nitrate-nitrogen 

content of first order mountain streams and terrestrial nitrifying popula¬ 

tions from their respective drainage watersheds (Table 4). These popula¬ 

tions are distributed through the upper part of the soil profile (0-10 cm). 

The nitrate-nitrogen content of these streams was largely due to biological 

activity of the terrestrial environment and not to the biological activity 

in the streams. In these studies, the nitrate-nitrogen content of runoff 
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water from three watersheds, grass-to-forest successional watershed (WS 6), 

a white pine plantation watershed (WS 17), and a mature hardwood system 

(WS 18) were compared. The nitrate-nitrogen averaged 0.79, 0.19, and 0.03 

ppm respectively. The nitrifying bacteria from the same three watersheds 

are 16,000 per gram dry soil in the grass-to-forest successional watershed, 

175 in the white pine, and 22 in the hardwood watershed. These studies 

were conducted over a two year period, and regardless of season, there 

was a correlation between nitrifying bacteria in the soil and nitrate- 

nitrogen in the stream. 

Table 4. Nitrifying populations and their relationship to nitrate-nitrogen 

loss from successional watersheds at Coweeta (Data from Todd et al. 1975) 

Watershed NO^-N Loss (ppm) Nitrifying Bacteria 

18 (Mature hardwood) 0.003 22 

17 (Pine) 0.190 175 

6 (Grass-to-Forest 0.792 16,000 

Succession) 

It is proposed that terrestrial nitrifying bacteria are responsible 

for the elevated nitrate-nitrogen concentration observed in streams draining 

perturbed watersheds and is not a function of stream activity. This 

hypothesis may be expanded to include the nitrate-nitrogen response 

demonstrated by successional vegetation. 
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MECHANISM OF NITRIFICATION 

Nitrification can be defined as a two step energy yielding process 

for certain microbial populations, usually chemoautotrophs. These 

organisms derive energy from the oxidation of ammonium- or nitrite-nitrogen. 

In the first step the ammonium ion is oxidized to nitrite generally by the 

Nitrosomonas population and the nitrite usually by bacteria of the 

Nitrobacter genus. During the ammonium oxidation, hydrogen ions are re¬ 

leased and two ATP’s are formed. It has been proposed by Bormann, Likens, 

and Smith (1969) and Todd (1974) that the formation of hydrogen ions which 

can then replace the cations from the clay colloid may be responsible for 

increased cation loss from watersheds for which nitrate-nitrogen losses 

are observed. This indicates a potential role for nitrification in 

controlling the loss of other nutrients in addition to nitrate-nitrogen 

from distrubed systems. In order to control nutrient losses, the control 

mechanism of nitrification in natural and disturbed systems must be better 

understood. 

PROPOSED MECHANISMS FOR ECOSYSTEM CONTROL OF NITRIFICATION 

Several hypotheses have been proposed to explain the mechanism of 

nitrification control in disturbed and undisturbed ecosystems. Rice and 

Pancholy (197) suggest that nitrification is controlled in climax eco¬ 

systems due to the production of inhibitor compounds. In subsequent studies 

Rice and Pancholy (1974) showed that these inhibitors were composed of 

tannins or tannin like poly-phenolic compounds. They propose that following 

removal of vegetation, production of the inhibitor ceases and nitrification 
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activity increases. Amount of tannis in litter and canopy are seen to 

increase as the stage of succession approaches maturity while nitrifying 

activity decreases. Their conclusion is the climax species have purposely 

evolved to be energy conserving. Therefore they rely upon ammonium-nitrogen 

nutrition as opposed to nitrate-nitrogen nutrition. If nitrogen is taken 

up in the ammonium form, the plant avoids the expenditure of energy of 

reducing nitrate to ammonia prior to assimilation. Thus in a climax 

system, nitrification is inhibited as an energy conserving mechanism. 

Vitousek and Reiners (1975) proposed another hypothesis that relates 

to system control of nitrification. Nutrients like nitrate-nitrogen are 

lost following disturbance and the beginning of succession because net 

ecosystem production is negative. At this point productivity decreases or 

vanishes while respiration of soil microbes continues constant or increases 

resulting in increased losses to the system. In a developing system the 

nutrients are tied up in the increasing biomass and are not available for 

loss from the system. 

In a coniferous forest ecosystem the occurrence of nitrification was 

found by Coats, Leonard, and Goldman (1976) to relate more to the carbon: 

nitrogen ratio of the organic matter substrate than to pH or the release 

of toxic substances by litter. It is suggested that nitrification activity 

is controlled by the availability of the ammonium ion. Soils of conifer 

stands approaching climax have a high carbon:nitrogen ratio which indicate 

that nitrogen is a limiting factor for heterotrophic bacterial populations. 

Ability of the nitrifying bacteria to compete for ammonium-nitrogen is 

decreased. When vegetation is cut the increased microbial respiration 

results in a decrease in the carbon:nitrogen ration resulting in net 

mineralization of the remaining nitrogen. Increase in the ammonium- 
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nitrogen availability enables the nitrifiers to compete for this energy 

source, therefore increasing the amount of nitrate-nitrogen produced in 

the soil. 

CONCLUSION 

Studies of nutrient cycling in forested watersheds indicate that 

nitrate-nitrogen losses in stream flow is an indicator of system pertur¬ 

bation. This elevated level of nitrate-nitrogen is proposed to result 

from the action of terrestrial nitrifying bacterial activity. Climax 

forest ecosystems are proposed to have evolved means to control 

nitrification thereby preventing nitrate-nitrogen losses. As the need 

for forestry management increases, consideration must be given to be a 

better understanding of the nitrification process. 
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DISCUSSION 

Fisher, T.: Is there any evidence from a system that one or a combination of those 

hypotheses are actually operating on nitrifying bacteria? 

Phillips: We feel that in a pine watershed there are more tannins produced equivically. 

In that watershed we feel that it would be the tannin production over any others. 

Kohler: Do you have any evidence for that hydrogen ion release since it’s been 

postulated by many people that that has been used internally as an electron transfer 

mechanism? 

Phillips: I think there are some laboratory studies that Drs. Todd and Gray have done 

whereby they used a soil diffusion column and added insulin to the system. First, they 

saw nitrate losses and cation losses and when this nitrification was 50 percent they saw a 

50 percent decrease in cations. 

Reddy: Could you tell me what is the pH of the surface soil of the watershed? 

Phillips: About 5. 

Benoit: With respect to heterotrophic nitrification, is that in your judgement a 

laboratory artifact or is it something an ecologist should keep in mind especially 

considering these very low pH’s. 

Phillips: Yes, I think we are interested in that in our lab. We had some studies 

concerning that. 

Friebele: Are you able to deduce anything about how these bacteria are acting during 

perturbations from natural cycles that occur in undisturbed situations? Dormant versus 

growing season. 

Todd: Yes, we do see some definite seasonal trends in nitrifying populations and in the 

hardwood or in the deciduous forest higher levels are observed in the winter time than 

they are in the summer time because of plant uptake and actual general metabolism of 
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the plant. In the grassland forest we see a much higher rate in the summer time when 

the temperature is elevated. There is a definite seasonal trend, but the seasonal trend 

seems to vary between vegetation types depending on whether it's a coniferous forest 

versus a deciduous forest. 

Fisher, T.: Could that be related to the availability of ammonia in the soil? 

Todd: Very definitely. The nitrifying microbe is competing with the plant for the 

ammonia that is available. 

Gardner: Can you explain what tannin is and why it inhibits nitrification ? 

Phillips: It is an organic compound. I don’t know what the mechanism is. 

Todd: In the studies by Rice and Pancholy, they did some laboratory experiments where 

they actually added tannin compounds to cultures of nitrifying bacteria and showed a 

direct inhibition of nitrification. Our current thought is that the aeromatic moiety 

seems to bind ammonia and it makes ammonia unavailable in most cases. 
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ALGAL DIVERSITY AND TRANSPORT IN SMALL STREAMS 

Don W. Hayne, Augustus M. Witherspoon, and Thomas R. Fisher 

N. C. State University 

Raleigh, N. C. 27607 

Introduction 

The Chowan River basin lies on the border of Virginia and North Carolina 

and drains east into Albemarle Sound. The basin has been under intensive 

study by both states, EPA, and USGS, and currently our group at NCSU is con¬ 

ducting research on rural runoff of nitrogen and phosphorus in the watershed 

and evaluating the feasibility of using scientific sampling for large-scale 

studies of this runoff. 

In this report we present data from a one-year study of algal numbers, 

biomass, and diversity in two subbasins of the Chowan, one a more rapidly 

flowing piedmont stream originating from well-drained soils, and the other a 

more sluggish coastal plain stream originating from poorly drained soils and 

swamps. The objective of the study was to explore the usefulness of algal 

abundance and diversity in the study of water quality and characterization 

of streams. 
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Materials and Methods 

The piedmont stream (Quarrel Creek, designated M-3 system) and. the 

coastal plain stream (Flat Swamp, designated P-10 system) were visited 

approximately once every two weeks according to the sanpling design, with 

algal samples collected at half the visits. The time of the sanpling visit 

was randomized separately for each stream with the result that sometimes 

samples were collected from both systems on the same sanpling visit and some¬ 

times on successive visits. More details of the sampling plan are presented 

by Humenik et al. (this volume). 

Water samples were collected with a bottle, manually integrating over 

the water column in each stream. Samples were preserved with Lugol's solution 

in the field and brought to the laboratory according to the work schedule, 

sometimes within the same day but never after more than three days. Samples 

were counted in the laboratory within one week. From each water sample, a 

100 ml subsanple was counted in an Utermohl settling chamber using an inverted 

microscope. Fields were counted until 100 individuals of each of the more 

common species were recorded. For each sample the volume of 10 individuals, 

of each species was estimated using an approximate solid geometric model 

depending on the shape of the organism. "Equivalent diameter" referred to 

below means the diameter of the volume calculated above. The total cell 

volume of each species was then estimated from the average cell volume and 

the estimated number of cells of each species per ml. Algal biomass (fresh 

weight) was calculated from total cell volume assuming that the density of 

biomass is unity (Vollenweider, 1974). Transport of algal cells was calcu¬ 

lated for each sanpling visit as the product of discharge rate of the water 

and either cell counts or biomass estimate; it is a statement of numbers or 

biomass passing a given point in unit time. All data including species 

identifications were punched on cards and stored in conputer files for 

analysis by the Statistical Analysis System (SAS) at Triangle Universities 

Conputation Center (TUCC). 

The inportance of the algae in transporting carbon, nitrogen and 

phosphorus was estimated for each collection. First the carbon, nitrogen, and 

phosphorus contents of algal cells were estimated from the biomass, assuming 

that cell organic carbon represents 10 percent of algal fresh weight 

(Vollenweider, 1974), and that the atomic C:N:P ratio is 100:16:1 (Redfield 
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et al. 1963; Winberg, 1971)• These assumptions result in an uncertainty of 

3-5 in the final results (Vcllenweider, 1974), i.e., the correct value lies 

in the interval 1/3 - l/5 to 3-5 times the calculated values. These values 

were then calculated as percentages of total organic carbon, total nitrogen 

(nitrate plus Kiedahl) and total phosphate as determined by chemical analysis 

of the particular water sample (see paper by Overcash, et al., this volume). 

Because it was not possible to identify all algae to the species level, 

the genus taxon was chosen as the most appropriate for calculation of species 

diversity and evenness. Accordingly, the cell number and volume of all 

species within each genus were summed and assigned to that genus (for purposes 

of calculation.) 

Diversity and evenness have been calculated here to investigate the 

possible usefulness of these parameters in measuring water quality. A 

suggestion was made in Weber (1973) in reference to macroinvertebrates, that 

diversity, and especially "equitability" of Lloyd and Ghelardi (1964) might 

be sensitive indices to water quality. In following this suggestion with 

algae, we have used the Shannon-Weaver form (Poole, 1974; Pielou, 1975): 

s 
E p. In p. 

i-1 1 1 

where: 

s = number of genera jp 

p^ = proportion of the total number of individuals in the 

ith genus. 

The Margalef evenness value has been calculated as the diversity value divided 

by the value for maximum diversity possible with the observed number of 

genera. This would be observed if the total individuals present had been 

evenly divided among all genera present. This maximum value for diversity 

is simply the natural logarithm of the number of genera. 

In making statistical comparisons, data for numbers and biomass were 

log (10) transformed to stabilize the variance while values for diversity, 

evenness and computed fractions of C, N and P transported were used without 

transformation. All average values reported in tables, however, are ordinary 

arithmetic means, not detransformed means of transformed data. The statis¬ 

tical designs used in analysis were mostly two-way considering the systematic 

effect of sites and the random effect of repeated measurements in time. 

595 



# 

Results 

During the course of the survey 249 species in 111 genera of algae were 

recorded from the two sites. Considering all sites in both systems, the 

number of genera recorded per site visit averaged 12 and ranged from 3 to 27; 

total algal counts averaged 730 and ranged from 8-8400 per ml; total cell 
6 G q 

volume for all genera averaged 0.44 x 10 and ranged from 0.01-17 x 10 |~inr 

per ml; and biomass (fresh weight) of all genera averaged 0.44 and ranged 

from 0.01-17 mg per liter. 

Table 1. Taxonomic distribution of algae as to Division for all collections 

made at streams P-10 and M-3 

Division 

Number 
of 

genera 

Proportion 
of 

genera 
Cell 

frequency 

Proportion 
of total 
volume 

Common 
name 

Chrysophyta 4l 0.370 0.29 0.725 "diatoms”, etc. 

Chlorophyta 36 0.324 0.05. 0.056 "green algae" 

Cyanophyta 21 O.I89 0.60 0.084 "blue-green algae" 

Euglencphyta 6 0.054 0.01 0.050 "green flagellated 
algae" 

Pyrrophyta 4 0.036 <.01 0.025 "dinoflagellates" 

Cryptophyta 3 0.027 0.05 

% 
0.060 "naked 

flagellates" 

Total 111 1.000 1.00 1.000 

Table 1 shows the distribution of algae at the Division level. 

Chrysophyta and Cyancphyta are the dominant divisions, together accounting 

for 58 percent of the genera, 89 percent of the cells, and 80 percent of the 

biomass (cell volume). The relative abundance of the ten most common genera 

is shown in Table 2. These genera account for 82 percent of the cell volume 

and 6l percent of the cells. Oscillatoria, a genus of blue-green algae, was 

the most frequently encountered by cell count, and Frustulia, a diatom genus, 

accounted for the largest fraction of cell volume in the samples. Diatoms 

dominate the algal flora of these streams, accounting for 19 percent of the 

cell numbers and 52 percent of the cell volume. 
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Table 2. The 10 

and M-3 

genera most abundant in collections made in streams P-10 

Genus Proportion of 
total volume 

Cell 
frequency 

Common 
name 

Frustulia 0.250 0.001 diatom 

Synura 0.200 0.079 chrysophyte 

Unident. diatom O.O96 0.100 diatom 

Oscillatoria 0.073 0.370 blue-green 

Cryptomonas 0.062 0.032 cryptophyte 

Neidium 0.036 0.004 diatom 

Synedra 0.031 0.005 diatom 

Eunotia 0.028 0.012 diatom 

Pinnularia 0.027 0.003 diatom 

Peridinium 0.019 0.001 dinoflagellate 

Total 0.822 0.607 

The size distribution of the algae is shown in Figure 1. Cell dimension 

was calculated as the diameter of a sphere of equivalent volume. Figure 1 

indicates that the algae are mostly small forms, 82 percent of all cells being 

less than 12 M-m in equivalent diameter, and 69 percent of all cell volume 

being in cells less than 27 in equivalent diameter. 

Average algal abundance and diversity in the two streams are shown in 

Figures 2 and 3 (P-10 and M-3, respectively). Only cell number and diversity 

are plotted for sinplicity here because trends in biomass and evenness 

closely followed the pattern for cell number and diversity respectively. 

Using the data of Nichols (1976), the abundance of algae shown in Figures 2 

and 3 corresponds to an average chlorophyll a of approximately 2 with a range 

of 0.04-80 |J,g per liter. 

Figure 2 suggests that in the coastal plain stream (P-10) algal had 

several peaks of abundance throughout the year of the study, and there may 

have been a tendency for decreased diversity during increased population size. 

This trend was the result of large increases in one or two genera, suggesting 

bloom conditions (autochthonous or allocthonous). In contrast algae in the 

piedmont stream (M-3, Figure 3) shows peaks of abundance without concomitant 

decrease in diversity, the result of increased abundance of many genera. 
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Figure 1. Relative volume and cell frequency as functions of cell size in 

algal collections from two streams. 

This observation suggests increased allocthonous (outside production) input 

to the stream plankton. Contributions from standing pools, ponds, or benthic 

(epipelic) algae are potential sources (Smnson and Bachman, 1976). These 

data suggest that determinations of diversity my sometimes provide a hint 
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Figure 2. Average cell numbers and Shannon-Weaver diversity of algal 

populations in the coastal plain stream (P-10). 

about the. origin of the algae found in small streams. 

The distribution of average algal biomass within each system is shown in 

Table 3* The analysis of variance showed that for the coastal plain stream 

(system P-10) the average biomass (p = .02) and average cell numbers (p = .01) 

were significantly higher above the confluence (l, 2, 3) than below (4, 6). 

None of the other comparisons made among sites was statistically significant 

(sites 1 vs 2; 1, 2 vs 3; 4 vs 6, or 20 vs 22; 20, 22 vs 23; 20, 22, 23 vs 24, 

25, 28; 24, 25 vs 28; 24 vs 25). Examination of transport in the lower part 

of the streams shows a different picture, with a relatively great increase in 

P-10, suggesting that the algal populations had both increased in number 
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MONTHS 
1975 1976 

Figure 3 • Average cell numbers and Shannon-Weaver diversity of algal 

populations in the piedmont stream (M-3). 

been diluted by added water between sites 4 and 6. The difference 6 vs 4, 

(2+3) was highly significant while none of the other contrasts were (4 vs (2+3) 

25 vs 24; 24 vs (22+23)). 

We have evaluated the quantitative importance of algae with regard to 

total phosphorus, total nitrogen, and total organic carbon carried by these 

streams. Estimates of phytoplankton nitrogen, phosphorus, and organic carbon 

are shown in Table 4 as percent of the total nitrogen, phosphorus, and 

organic carbon in the water. Analysis of variance of these percentage data 

provides some evidence that the coastal plain stream (P-10) has significantly 
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Table 3. Algal biomass and transport (lower stream) as represented by- 

averages of 9 to 16 estimates made for sites on stream systems 

P-10 and M-3 

System P- -10 System M-3 
Site Biomass Transport Site Biomass Transport 
no. (mg/l) (kg/d) no. (mg/1) (kg/d) 

Sites on one tributary, upper 1 2.290 20 .227 

lower 2 .402 

.587 
.350* 

22 .194 
37.41* 

Other tributary 3 23 .205 

Below confluence 4 .322 .302 24 .225 24.40 

Farther downstream 6 .746 4.449 25 .312 47.94 

28 .177 

*S-um of the two tributary values. 

greater fractions of nitrogen (p = 0.08), phosphorus (p = 0.10) and organic 

carbon (p = 0.01) transported in algae than does the piedmont stream (M-3). 

In all comparisons, differences between sampling visits were highly signifi¬ 

cant, and the effect of interaction of visit and system was significant at 

0.05 or better, although the uncertainty due to the uniform assumptions 

raises some doubt as to the real significance of the stream difference. Fur¬ 

ther, when stream difference is calculated thus, an important factor is the 

difference in algal biomass observed in the two streams (ihble 3). Nevertheless, 

the -uncertainty does not affect the major conclusion that algae contain only 

a very small percentage (<5-10 percent) of the nitrogen, phosphorus, and 

Table 4. Algal N, P, and organic C expressed as average percent of the total 

N, P, and organic C determined by cheimical analysis of water 

samples from streams P-10 and M-3 

Site 
Algal content 

Organic C 
as percent of total 

N P 

P-10 1.1 3.6 3.9 

M-3 0.26 0.59 O.98 

Overall O.69 2.0 2.3 
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organic carbon transported by these streams. Studies of the nearby Pamlico 

River support this conclusion (Harrison and Hobbie, 1974; Hobbie et al, 1972), 

and data from Nichols (1976) and Nichols and MacCrimmon (1975) on the Holland 

River also indicate that only 5-6 percent of the total nitrogen and total 

phosphorus are present in algal biomass. 

The two systems (P-10 and M-3) were compared for sampling periods where 

data from both were present, using analyses of variance with algal numbers, 

biomass, diversity, and evenness. Only for biomass was the difference between 

systems significant (p < .001), here there was also a highly significant 

(p < .001) interaction of system and period, meaning that while P-10 generally 

exceeded M-3 in biomass, the difference was of different order in different 

periods or might be reversed in some (see Table 5)* In all tests, period 

differences were highly significant, indicating that all four parameters 

fluctuated in time more or less in synchrony at the two streams, subject to 

the significant interaction of system and period with numbers, biomass and 

diversity. 

Table 5 • Mean algal biomass (mg/l) for the streams P-10 and M-3 during 

sampling periods when both were collected, showing month that 

included most of the period 

Sampling 
Period Month 

P-10 

(n=5) 
M-3 

(n=6) 
Mean 

(n=ll) 

4 February .295 .103 .190 

5 March .106 .213 .164 

6 April .144 •053 .094 

7 May .258 .032 .135 

9 July .153 .210 .184 

13 November 1.841 .242 .969 

l4 November .129 .l4l .136 

15 December .l4l .036 

0
0

 
0

 

17 February 5.620 1.470 3.357 

mean .965 .278 .590 
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Regression of each of the four algal parameters (numbers, biomass, 

diversity and evenness) -was considered separately on nitrate, Kjeldahl 

nitrogen, total phosphate, cloride, disolved oxygen, length of day, temper¬ 

ature, and pH as determined from the water samples (see Overcash et al., 

this volume). This analysis showed scattered occurences of significant 

relationships at the individual site level (21 out of 324 tests significant 

at 0.05 or better, but this is very close to the rate expected by chance). 

Pooling results for all sites showed a higher rate of significant relation- 

ships (p < 0.5 in 22 of 64 tests) all however of low order with R mostly 

<0.10. There is a strong probability that these represent obscure inter¬ 

correlations, some being artifacts of lack of independence in comparing time 

series. There seems to be no obvious biological information in the results 

of these regression analyses. 

Discussion 

Our first objective was to explore whether data on algal populations, 

obtained by sampling on a probability basis, can be used to characterize 

streams and to describe water quality. The study has raised other questions 

about the biology of stream populations of algae and the interpretation of 

data. These questions are probably more important than the original object¬ 

ives . 

Regarding the characterization of streams, our criterion must be whether 

we can establish apparently reliable differences on the basis of the data 

collected under a sampling design. The data are of high variability; this 

fact tends to obscure differences. Nevertheless, we have found consistently, 

with algal numbers, biomass, transport, diversity and evenness, that there are 

detectable differences between periods of time with evidence that these 

fluctuations in time occur to some degree at the same time in the two stream 

systems, although an interaction of stream and time warns that the fluctu¬ 

ations are not always consistently of the same timing and magnitude. 

Examining algal population parameters for the separate sites within the two 

stream systems we found differences in one stream, with evidence of increase of 

biomass as the population moved downstream. In this last case, data on trans¬ 

port showed that the population both increased, and was diluted by an added 

volume of water, over one stream reach. On the other hand with diversity 
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and evenness, although, there was consistent evidence of differences over time 

we found no differences among sites and streams. Further analysis may well 

show that differences of a magnitude to he detectable here should not be 

expected on biological grounds. There is a hint in the results that diversity 

and evenness were reflecting the changes to be expected during population 

increase. We have been able to repeat the observation of others that the 

phytoplankton transport only a minor fraction of the nitrogen and phosphorus 

moving downstream. Thus, for characterizing streams we find our results 

encouraging. 

For the more exacting role of describing water quality, we feel that the 

range of biological conditions for this study was too narrow to allow specu¬ 

lation. Initial attempts at analysis of regression on other parameters were 

fruitless. In our view this question must remain open. 

Persistent biological questions have been raised here. In these small 

streams we found and measured algal populations but these were at low levels. 

Questions take two apparently contradictory forms. First, why did we find 

as much of an algal flora as we did? Second, why did we not find more? In 

responding, we must recall that we have examined just two streams, one in the 

Piedmont and one in the Coastal Plain, and therefore the generality of our 

conclusions must be limited. 

Working so far up into the headwaters of these small streams, with 

waters that have been exposed to biological exploitation for so short a time, 

it is fair to ask the origin of the planktonic algae that were found. How 

much originated from wash-out of benthic populations? How much came from 

drainage from standing water on ponds, how much from reproduction on the 

journey to the collection site? We do not know; these questions need inves¬ 

tigation . 

On the other hand, we found in both streams that inorganic nitrogen and 

phosphorus were generally available for algal growth, averaging O.38 mg per 

liter nitrate plus ammonia and 0.l4 mg per liter inorganic phosphorus. These 

values greatly exceed concentrations generally recognized as limiting uptake 

of nutrients, i.e., 0.03 mg per liter nitrogen and 0.06 mg per liter 

phosphorus (Eppley et al., 1969; Maclsaac and Dugdale, 1969; Fuhs et al., 

1972)• Therefore other environmental factors must be responsible for the low 

algal densities. 
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Conceptually, there can be a very large number of environment variables 

■with an influence on growth of phytoplankton, but it has been found that in 

a given situation only a few are important (e.g., Walsh, 1971)- Because 

nitrogen and phosphorus are present in concentrations sufficient to saturate 

uptake kinetics we suggest that stream flushing rate and amount of available 

light may be important here. 

If the flushing rate is high enough, the phytoplankters will be washed 

through a system before the population can reproduce appreciably (Lund, 1965). 

In such a physically mediated system the phytoplankton reflect the input 

sources. As flushing rate decreases and residence time increases, more algal 

growth can occur in a reach of given length. This line of reasoning suggests 

that we may expect growth conditions for phytoplankton to appear more favor¬ 

able in more slowly moving streams with the potential for visible bloom 

directly proportional to the residence time. This model would not apply to 

attached algae or submerged macrophytes. 

The availability of enough light for photosynthesis is the second 

environmental variable which may be important in controlling algal growth in 

streams. Some streams flow under dense forest cover. Suspended sediment, 

and water color limit light penetration in some. In any stream, algal cells 

experience exponentially decreasing light with depth, and growth will depend 

on the integrated light exposure of cells as they rise and fall in the turbu¬ 

lence of flowing waters . The concept of critical mixing depth has been 

developed to describe this situation in oceanic systems (Yentsch, 1975); this 

is the depth of mixing at which net growth is zero because integrated photo¬ 

synthesis (a function of depth) is balanced by respiration (independent of 

depth). Something similar must apply also in flowing streams. 

We do not know enough yet to apply what we do know about algal popu¬ 

lations directly to the quantification of stream quality at the point where 

algal collections are made or to forecast the impact of these populations as 

they move down into rivers, lakes, estuaries and ocean. But we are sure that 

such knowledge will be needed to understand and control stream quality. 
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DISCUSSION 

Reddy: Did you take into consideration the nitrogen fixation by these algal blooms 

because most of the nitrogen I presume is from atmospheric nitrogen gas rather than 

from the stream. 

Fisher: This is a very simple minded approach to the biology of phytoplankton. 

Essentially I am using data on algal abundance as a platform for talking about some 

things that need to be injected into the consideration of biology of phytoplankton in 

streams. We have no data on nitrogen fixation, we only have data on population size of 

algae and various inorganic chemical constituents in the water. There is plenty of 

ammonia and nitrate in the water at concentrations which are probably non-limiting for 

algal growth and nitrogen fixation under those conditions is likely to be small. 

Reddy: Most of the microbial cells have a carbon nitrogen ratio of 10 and in your carbon 

nitrogen ratios the nitrogen is much higher than the carbon content of your cells. 

Fisher: The carbon-nitrogen ratio of most algae on an atomic basis is six and the data is 

pretty close. It was presented on a weight basis.lt comes out fairly close to six so you 

are not very far off there. In any case, there is a fair amount of nitrate and ammonia 

and phosphate present. The real question is why aren’t there more algae. We think the 

answer is residence time and possibly light penetration. 

Reddy: The phosphorus nutrient which is in the rivers must be limiting the algal bloom 

because algae don't use much of the nitrogen. They use mostly the nitrogen from the 

gaseous form. 

Fisher: We don't know, there is lots of phosphate there. But we don't know if phosphate 

is limiting under these conditions. The question of nutrient limitation is a very tricky 

question but the concentrations that are present are more than sufficient to saturate 

uptake kinetics by the algae that are there. On that basis, I would postulate that there 

are not nutrient limitations. It is possible that the algae are washed out faster than they 

can accumulate in the streams. There are other factors that are influencing the growth 

of phytoplankton in the stream rather than the nutrients per se. 
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Webster: What is periphyton growth like in these streams? You are suggesting that 

phytoplankton are washed out but the nutrients are there which suggests periphyton 

growth. 

Fisher: I can’t answer that question. It’s certainly a good possibility that benthic algae 

or periphyton are contributing. There is a very nice study in Iowa where they showed 

that most of the algal cells that were found in the water were derived from benthic 

algae or periphyton and it’s possible that this is also occurring here. 

Correll: You talked about the light limitation but you didn’t tell us anything about light 

penetration in your system relative to the depth of it. Is this the real thing to consider 

in your system. How turbid is it and how deep is it? 

Fisher: You have just touched on one of those problems of multidisciplinary research. I 

worked on this data and wrote a paper on it and I haven’t actually seen the streams 

themselves. I can't answer your questions I don’t know how deep or wide the streams 

are. I suspect that light limitation of algae in the streams is probably important 

although I don’t really know. I would suspect that the light limitation would be more 

important in larger turbulent rivers or larger rivers where you have a deeper situation. 

Ambrose: The hypothesis that algae are limited by the residence time seems to be quite 

reasonable. One way of course to test it is to apply a simple water quality model which 

takes into account the hydrolies and tests reasonable kinetics and just see if the 

hypothesis is in fact reasonable, as I suspect. Was any attempt done to do this? 

Fisher: We have all the data we need to actually test that hypothesis and that's one of 

the things I plan to do. That is obviously the next step. We know what the flow rate is 

in the different streams and I intend to go out and see my streams now and get some 

estimate of cross sectional area and volumes and estimate flushing rates or resonance 

time and then compare that with the actual populations that we found in the streams. 

Gardner: It doesn't seem to me altogether obvious that your resonance time could 

account for the situation you observed because any stream segment that you are 

sampling from is receiving algae from upstream and losing it downstream. If you have 

sufficient nutrients, if you looked at any one section, as a function of time I can 
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envision the concentration going up until you did reach the limiting nutrient. 

Fisher: The fact is that the algal populations stayed low and nutrients stayed high, so 

we don't have that observation to start with. You have to keep in mind that these are 

fairly short streams and resonance times are probably not very long and algae are 

probably washed out of there in a few days. Resonance time has got to be on an order 

of days and you just don't get that much reproduction in a couple of days. 

Gardner: What about upstream supplying of organisms? 

Fisher: I don't know whether you saw the overview of the Chowan Project but we're at 

upstream. We're as upstream as you can go. You can hop across some of these things. 

Our sources at the headwaters are probably soil inocculum from soil, algae or from a 

ditch somewhere. 

Gardner: As long as it is coming out of the ground then that could happen. 

Fisher: There are soil algae. There are lots of soil diatoms. 
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Abstract - A comprehensive study was undertaken on the effects of a series of 

environmental variables on fecal coliform (FC) discharge from 983 ha of Rhode River 

watershed. Seven subwatershed basins, ranging in size from 28 to 254 ha, were 

instrumented to monitor water discharge rates. Of the monitored watershed area, 61% 

was forest and old field, 16% was cultivated cropland, 18% was pasture, while the 

remaining 5% was residential and fresh-water wet areas. The average human and 

livestock densities of these basins are 0.31 person ha 1 and 0.53 livestock ha *. Water 

discharge estimated by weekly spot sampling of water flow was significantly correlated 
o 

with weekly automated flow measurements (R = 0.992). Therefore, weekly spot 

sampling data was used to establish FC discharge from the basins. Water runoff was 

positively correlated with basin size (R = 0.973) and stream length (R = 0.922). Fecal 

coliform discharge was also positively correlated with water flow at all weirs at all 

seasons, with stream length (R = 0.799) and with basin size (R = 0.900). Fecal 

coliform discharge from three land uses was also estimated. From pasture the 
9-1 9-1 

discharge was 89 x 10 FC ha-year , from forest 22.4 x 10 FC ha-year and from 

cultivated land 19.8 x 109 FC ha-year-1. From the entire study area 68% of FC was 

discharged from pasture, 17% from forest and 15% from cultivated land. 

INTRODUCTION 

Many questions have been raised regarding the extent of fecal coliform (FC) 

pollution in water runoff from rural areas. Although changes in land use or man made 

disturbances in the watershed almost certainly effect the rate of FC discharge from the 

watershed, only a few studies have been made on this subject. 
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Bacterial components in runoff have been reported to depend on specific 

environmental variables such as water discharge (Faust, 1976/a; Evans and Owens, 

1972; and Kunkle, 1970) hydrologic regime of the stream (Weidner et al., 1969), wetted 

stream parameters, stream velocity and grazing activity of cattle (Morrison and Fair, 

1966) , nutrient availability (Hendricks, 1971), seasonal differences (Correll, Pierce, and 

Faust, 1976; and Geldreich, et al; 1968) and sediment load (Hendricks and Morrison, 

1967) . Information is limited however, on two key factors, namely, the dependence of 

microbial densities on basin characteristics and the contribution of various land use 

practices to the level of FC bacteria in the runoff. 

The total number of FC washed off a given area must be determined in order to 

establish the FC loading of receiving estuarine waters. Such calculations are made by 

measuring bacterial concentrations in the water flow and by determining the total 

volume of runoff. Since the viability of FC is severely reduced in stored water samples, 

only spot samples can be used for bacterial enumeration. Spot sampling has the 

disadvantage that the flow measurements and FC concentrations at the time of 

sampling must be related to total runoff volume and FC discharge. We compared the 

volume of flow as estimated by spot sampling with that taken by automated flow 

measurements integrated over the time intervals between spot sampling. 

After the total FC discharge from a given basin is estimated, it must be expressed 

in a way which is comparable with other situations and conditions under which FC are 

discharged. Bacterial discharge from a given area can be expressed as discharge from a 

basin, discharge from a unit area, discharge from a unit length of stream, discharge 

from an area of single land use or discharge per FC producing animal unit. For 

examining such measures a number of relationships between FC discharge and the above 

environmental variables must be evaluated. 

In this study we estimated FC discharge in water runoff by surveying the 

relationship between water discharge and FC discharge affected by basin characteris¬ 

tics such as basin size, stream length, drainage density , and land use practices at 7 

Rhode River basins. We examined these factors and the probability of calculating total 

FC discharge from single land use areas, namely pasture, cultivated and forest land, 

which may contribute significantly to the FC pollution of receiving estuarine water of 

the Chesapeake Bay. 
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MATERIALS AND METHODS 

Basin Characteristics 

The Rhode River watershed is located on the western shore of the Chesapeake 

Bay, south of Annapolis, Maryland, and encompasses a total area of 3332 ha. Seven 

subwatershed basins, with a total area of 983 ha are included in this study. North 

Branch (101), 226 ha, Blue Jay Branch (102), 192 ha, Williamson Branch (103), 254 ha, and 

Steinlein Branch (108), 150 ha, drain into Muddy Creek. Sellman North (105), 37 ha, and 

Sellman South (106), 95 ha, drain into Sellman Creek, and Fox Creek (107), 28 ha, drains 

directly into Rhode River estuary. 

The seven basins have multiple land use patterns, consisting of row crops, upland 

wet areas, tidal marshes, forest and old fields, pasture, and non-sewered residential 

areas. Sixty-one percent of the area under study is forest and old field, 18% is pasture, 

and 16% is cultivated cropland, while the remaining 5% is residential and fresh water 

wet areas. Sanitary effluents are never deliberately a component of the stream, all of 

it being disposed of in septic tanks. The average human and livestock densities of these 

basins are 0.31 persons ha 1 and 0.53 livestock ha . 

The geography of the Rhode River watershed is described in detail elsewhere 

(Correll, 1977). Low elevation aerial photos and topographic maps were used to 

determine basin size, stream length and land use. Drainage density was estimated by 

dividing stream length of all stream segments by the drainage basin area 

(Kirchner, 1975). Land use practices are updated by personal interviews of the farmers 

at the watershed. The rainfall averages 120-130 cm per year. The streams draining the 

watershed have low water discharge, except during extensive rainfall and are dry during 

extended dry weather. 

Water Flow Estimation 

Water flow designated as integrated flow is estimated at sampling sites equipped 

with weirs of V-notch type design and are instrumented to monitor water flow rates and 

to automatically take volume average water samples (Correll, Pierce and Faust, 1976). 

Water flow of spot samples was estimated from the instantaneous flow rates when the 

samples were collected and expressed as flow per day, week, month and year. 
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Bacterial Analysis 

Water samples were collected in sterile screw-capped bottles by immersion in the 

stream with the opening held upstream just below the V-notch. Water discharge rates 

were estimated at the time of the day when samples were taken at each weir location. 

Samples were returned to the laboratory within 3 hours of collection for processing and 

were collected weekly. 

Fecal coliform concentrations were estimated as recommended and described in 

Standard Methods for Examination of Water and Waste Water (1971). Two methods were 

used, the Membrane Filter and Multiple Tube Fermentation techniques. The Multiple 

Tube Fermentation technique was used to estimate FC numbers from December, 1974 

through June, 1975 and bacterial concentrations were expressed as MPN/100 ml. The 

Membrane Filter technique was employed from July through November, 1975, and FC 

numbers were expressed as cells/100 ml. To estimate FC discharge from a given basin, 

FC concentration and water discharge rates were multiplied. 

Land Use - Coliform Discharge Relationship 

The seven basins under consideration have complex land use patterns which makes 

it difficult to determine FC discharge from a specific land use. A statistical model 

which relates FC discharge to land use was used to determine the proportion of FC 

discharge originating from each of three land use categories: cultivated land (including 

residential areas and hay fields), pastureland, and forested areas (including old fields 

and fresh water wet areas) (Chirlin and Correll, 1977). The model includes the area of 

land use in ha and the estimated FC discharge values from each basin. No statistical 

weighting factors were used in the model for this application. 

Coliform discharge - land use relationship was estimated from yearly FC 

discharge data from 7 basins. The relationship between water discharge, FC discharge, 

and basin characteristics was explored as it was of interest to obtain general equations 

for these parameters. For each treatment the dependent variable (Y) was water 

discharge or FC discharge and independent variables (X) were basin size, stream length, 

drainage density. The data was analyzed by two methods: 1.) A least squares 

regression analysis in the form Y = a + b X, giving the best fit of the data where a is the 

intercept and b is the slope; 2.) Fecal coliform discharge and water discharge, 

however, appeared to be related exponentially. The best fit of the data could be related 
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2 
by a parabolic regression equation of the form of Y = a + a, X + a9 X ; y = FC 

-1 -1 01 L 
discharged year X = water flow year ; and a , a, and a9 are constants. The program 

2 o l z 
also calculated (the coefficient of determination, which gives the proportion of Y 

explained by the equation), the F value and t-test (for testing the statistical 

significance of the equations). The compilation was done with Hewlett-Packard HP- 

9810 and HP-9830 calculators with extended memory, tape drive and typewriter. 

RESULTS 

Water Flow 

The pattern of water flow from the study sites changed seasonally (Table 1). Daily 
6 

mean water flow at all seven basins ranged from a high of 8.32 x 10 1/day at basin 101 to a 
6 

low of 0.06 x 10 1/day at basin 107 in August. Water flowed through all weirs during the 

entire water year, 1974-75. Seasonal variations in water flow can be detected. Flow was 

relatively low in May, June, August and November months. Water discharge was 

proportional to the size of the basin and to the amount of precipitation which had fallen 

prior to the day of sample collection. The highest water discharge was recorded from the 

largest basins, 101, 102 and 103. 

The average weekly water discharge for the entire year was calculated from one 

spot sample taken each week and calculating the flow for the entire week, adding up 

individual weekly values and dividing them by the total number of weeks samples were 

taken. In average a total of 39 to 48 samples were collected per basin. The water 
7 7 

discharge ranged from 1.87 x 10 1 as high at basin 101 to 0.16 x 10 1 as low at basin 107. 

The water discharge at the other basins were 1.83 x 10* * * 6 7 81 at 103, 1.53 x 1071 at 102, 1.40 x 10 7 

1 at 108, 0.75 x 1071 at 106, and 0.31 x 1071 at 105 (Fig. 1/a). Throughout this range the 

calculated flow, obtained from spot samples, and the integrated flow, determined by 

continuous recording discharge values correlated linearly (Fig. 1/a). A least squares 
7-1 

regression analysis gave the best fit of the data: Y (Flow x 10 1 week of spot 
7 -1 

samples) = -0.017 + 1.97 X = (Flow x 10 1 week ) of integrated samples. The coefficient of 
2 

variation was R = 0.992, significant at the 99.9% probability level. 

The same relationship existed for yearly total discharge of both spot and integrated 
8 -1 

water flow. Yearly discharge ranged from 9.73 to 7.28 x 10 1 year at high water 
8 -1 

discharging basins such as 101, 102, 103 and 108 and 0.84 to 0.62 x 10 1 year at low 
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Table 1. Daily mean water discharge from seven Rhode River 

basins in water year 1974-1975 

Months 101 

Basins 

102 103 105 106 107 108 

1974-75 
Flow x 10^1/day 

December 7.19 10.52 8.14 ___ * ** 0.29 15.31 

January 1.94 1.64 1.79 0.75 1.54 0.36 1.80 

February 1.87 1.71 1.79 0.30 0.68 0.18 1.11 

March 3.72 3.17 3.73 0.77 1.44 0.40 2.05 

April 1.89 1.44 2.17 0.27 0.60 0.19 1.14 

May 2.40 2.06 2.70 0.41 2.20 0.18 1.61 

June 0.65 0.36 1.62 0.06 0.39 0.07 0.48 

July 8.32 4.32 5.24 1.60 3.20 0.63 3.50 

August 0.78 0.46 0.77 0.06 0.15 0.06 0.28 

September 1.82 1.38 1.47 0.27 0.56 0.06 1.09 

October 2.28 1.74 2.03 0.33 0.80 1.49 

November 1.74 1.42 2.06 0.25 0.65 1.34 

*Basin not yet instrumented to estimate water discharge. 

**Weir inoperable. 
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A 
Y * - 0.0174 + 1.097 X 

FLOW x !©? L / WEEK 

INTEGRATED SAMPLING 

B 
Y = 0132 + 0041 X 

R2 ■ 0.972 

BASIN AREA (HA) 

C D 
Y ■ 0.046 + 0.466 X 

R2 - 0.S22 

log Y » 9.378 - 2.005 log X 

R2 * 0 274 

DRAINAGE DENSITY 

Fig. 1. Regression analyses of water flow and basin characteristics. Fig. 1/a. Linear 

relationship between flow of spot samples and flow of integrated samples. Slope: 1.097, 

intercept -0.0174, and coefficient of variation 0.992. Fig. 1/b. Linear relationship 

between yearly flow and basin area. Slope: 0.041, intercept 0.132, and coefficient of 

variation 0.973. Fig. 1/e. Linear relationship between basin area and stream length. 

Slope: 0.486, intercept 0.046, and coefficient of variation 0.922. Fig. 1/d. Linear 

relationship between yearly flow and drainage density. Slope: -2.005, intercept 9.378, 

and a coefficient of variations 0.274. Numbers 101 to 108 on each graph refer to the 

designated sub watershed basins. 
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discharging basins, 107, 105, and 106 respectively. The best fit of the data gave the 

following equation: Y (Flow x 108 1 year-1 of spot samples) = - 0.0982 x 108 + (1.098 x 108) 
8-1 2 

X (Flow x 10 1 year of integrated flow). The coefficient of determination (R ) for these 

variables was 0.992 and it was significant at the 99.9% probability level. 

Water flow was also compared with the size of basin and the length of the stream 

for each of the 7 basins. Basin sizes ranged from 28 to 254 ha. Characteristics of these 

basins have been described in detail (Correll, 1977). The annual water discharge and the 

basin area were linearly and positively correlated (Fig. 1/b). A least squares regression 
8‘ -I 

equation gave the best fit of the data: Y (Flow x 10 1 year ) = 

0.132 + 0.041 X (basin size ha-1) The coefficient of variation was R2 = 0.973, which was 

significant at the 99% probability level. 

Basin size and stream length was also linearly and positively correlated (Fig. 1/c). A 

least squares regression equation of the data gave the best fit: Y (basin size ha-2) 

= 0.046 + 0.486 X (stream length m-8). The coefficient of variation was R2 = 0.922 

statistically significant at 99.9% probability level. However, annual water discharge 

appears to be inversely proportional to drainage density [stream length (m) divided by the 
2 

drainage basin area (m )] (Fig. 1/d). A least squares regression equation gave the 
8 -1 

following relationship: log Y (flow x 10 1 year ) = 9.378 - 2.005 log X (drainage density). 
2 

The coefficient of variation was R = 0.274, which was statistically not significant at 95% 

probability level. 

Coliform Concentration 

FC concentrations were lowest during winter and fall and highest in summer (Table 

2). The range of FC concentrations was very wide, however, including low and high values 

in all seasons. The range of FC seasonal mean concentrations were as follows: winter, 153 

to 699 FC 100 ml spring, 238 to 575 FC 100 ml summer, 824 to 1239 FC 100 ml and 

fall, 164 to 416 FC 100 ml 1 respectively. One-way analysis of variance was used to test 

whether there was a difference in FC concentrations between seasons. It appeared that 

FC concentrations were significantly higher in summer at most weirs. No detectable 

differences existed, however, between FC concentrations in winter, spring and fall 

seasons. The yearly mean FC concentrations ranged from 387 to 734 FC 100 ml 1 at the 

various basins. The standard deviation exceeded the mean in most cases. 

A paired t-test was also used to distinguish differences in FC concentrations 

between basins. This analysis indicated that FC concentrations from basin 106 were 
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significantly different than those from basins 102, 103 and 105. Additionally, FC 

concentrations from basin 102 were different than those from 105. No other significant 

differences were found between basins. 

Coliform Discharge 

Although FC concentrations and FC discharge appear to follow the same trend, the 

calculation of total FC discharge is necessary to obtain meaningful data which can be used 

for estimating FC discharge from each basin. The total FC discharge ranged from 60 x 

1010 to 876 x 1010 FC year”1 depending on basin (Table 3). The lowest FC discharge was 

estimated from basin 107 and the highest from basin 101. In general when monthly FC 

discharge was high at one basin it was high at all other basins. The FC discharge values 

for March and July are comparatively high. This is due to the fact that samples were 

collected during storm events of significant size which inflated the flow rate estimates 

and FC concentrations. The highest monthly FC discharge thus occurred in the summer 

and the lowest in the fall and winter. 

Fecal coliform yearly discharge depended on the size of basin (Fig. 2/a). The larger 

sized basins discharged more FC bacteria year 1 than smaller basins (Table 3). A least 
12 

squares regression analysis gave a linear positive relationship: Y (FC x 10 discharged 

year *) = 0.279 + 0.032 X (basin size ha ^). The coefficient of variation was = 0.900, 

significant at 95% probability level. 

A linear, positive relationship also existed between FC discharge and stream length 
12 

(Fig. 2/b). A least squares regression analysis gave the relationship: log Y (FC x 10 

discharged year”1) = -0.927 + 1.035 log X (stream length m”3). The coefficient of 
o 

determination was R = 0.799, significant at the 95% probability level. Obviously, larger 

basins have longer streams and if FC discharge is expressed based on either basin size or 

on stream length the relationships are quite similar. 

Water flow carried FC bacteria from the watershed into the Rhode River estuarine 

waters (Faust, 1976/a). Several investigators reported that the amount of sediment and 

nutrients depends on the rate of water discharge (Bormann et al, 1969; Evans and Owens, 

1972). Evans and Owens (1973) also reported that the rate of water flow is related to the 

bacterial discharge. These investigators (Evans and Owens, 1973) studied a 0.7 ha area and 

investigated the relationship between the soil bacteria and land-drainage water discharge. 

We found a similar relationship between FC discharge and water discharge. FC discharge 

could be related to flow rate by a parabolic regression equation. Increased water flow 
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Table 2. Mean fecal coliform concentration in water runoff from seven 

Rhode River basins in water year 1974-75 

FC concentration/100 ml 

Basin Season Mean + S.D. Range 

101 Winter 286 354 11 - 1100 

Spring 575 870 4 - 2400 

Summer 1125 1079 7 - 2400 

Fall 219 264 10- 960 

Year 581 821 4 - 2400 

102 Winter 348 332 43 - 1100 

Spring 344 645 3 - 2400 

Summer 1189 1103 3 - 2400 

Fall 345 566 50 - 2200 

Year 561 800 3 - 2400 

103 Winter 409 818 28 - 2400 

Spring 245 653 3 - 2400 

Summer 1003 1116 4 - 2400 

Fall 288 688 20 - 2500 

Year 472 851 4 - 2500 

105 Winter 173 151 15 - 460 

Spring 314 641 4 - 2400 

Summer 1136 1055 3 - 2400 

Fall 308 297 35 - 1000 

Year 523 766 3 - 2400 

106 Winter 699 815 210 - 2400 
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Spring 

Summer 

Fall 

Year 

107 Winter 

Spring 

Summer 

Fall 

Year 

108 Winter 

Spring 

Summer 

Fall 

Year 

All Weirs Winter 

Spring 

Summer 

Fall 

Year 

827 43 - 2400 

1123 3 - 2400 

306 140 - 1200 

862 3 - 2400 

384 3 - 1100 

661 3 - 2400 

1100 3 - 2400 

353 3 - 1200 

809 3 - 2400 

150 20 - 460 

688 3 - 2400 

969 4 - 2400 

133 18 - 500 

668 3 - 2400 

493 3 - 2400 

702 3 - 2400 

1048 3 - 2400 

404 3 - 2500 

798 3 - 2500 

565 

1239 

416 

734 

153 

238 

1108 

185 

450 

154 

333 

824 

164 

387 

310 

373 

1090 

276 

529 

621 



Table 3. Fecal coliform monthly discharge from seven Rhode River basins 

in water year 1974-75. 

Months 101 

Basins 

102 103 105 106 107 108 

1974-75 FC x 1010 discharged/month 

December 24.69 152.36 28.42 _* _* 3.97 53.67 

January 9.24 13.88 1.34 3.19 65.35 0.02 7.12 

February 4.55 7.72 8.05 0.91 10.49 0.29 4.71 

March 205.60 108.32 126.73 8.08 90.55 9.64 44.82 

April 14.86 20.69 97.58 5.04 8.35 1.00 2.55 

May 0.54 0.18 0.29 0.24 8.39 0.11 0.11 

June 18.43 13.75 102.23 0.66 4.53 2.45 9.95 

July 549.32 283.60 343.33 106.63 212.22 41.27 225.79 

August 30.22 47.14 39.95 27.57 14.50 1.47 6.79 

September 5.80 6.66 6.42 16.70 3.95 0.32 4.62 

October 7.23 7.10 4.91 12.10 11.16 _** 6.61 

November 5.87 6.87 3.54 3.11 4.90 _** 2.74 

Annual 876.36 668.28 762.79 184.23 434.39 60.49 369.68 

♦Basin not yet instrumented to monitor water discharge 

**Weir inoperable. 
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A 
Y - 0.279 + 0.032 X 

R2 - 0.900 

BASIN AREA (HA) 

B 
log Y - - 0. 927 + 1.035 log X 

R2 - 0.799 

STREAM LENGTH ABOVE WEIR 

( m ) 

D 
Y- 1.68* I0#+ (034*I04) X + (0.70*l6") X* 

R2* 0.8 2 8 
• BASIN 101 

•L*sc" ' 

■*. f :■ * 

10’ 

F C 

I0'2 

log Y * 13.452 - 2.428 log X 

DISCHARGED / DAY DRAINAGE DENSITY 

Fig. 2. Regression analyses of Fecal Coliform (FC) yearly discharge, basin 

characteristics and water discharge. Fig. 2/a. Linear relationship between FC 

discharge and basin area. Slope: 0.032, intercept 0.279, and coefficient of determina¬ 

tion 0.900. Fig. 2/b. Linear relationship between FC discharge and stream length. 

Slope: 1.035, intercept -0.927, and coefficient of variation 0.799. Fig. 2/c. Parabolic g 
relationship between water flow and FC discharge. Intercept 1.68 x 10 , coefficients a^ 

-11 
0.34 x 10 ", a2 0.70 x 10 Xi, and coefficient of variations 0.828. Fig. 2/d. Linear 

relationship between FC discharge and drainage density. Slope: -2.428, intercept 13.45 

and coefficient of variation 0.412. Numbers 101 to 108 on each graph refer to the 

designated subwatershed basins. 
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increased FC discharge proportionally at an exponential rate from basin 102 (Fig. 2/c). 
£ 

Fecal coliform discharge was little affected until water flow increased to about 2 x 10 

1/day. After this flow rate FC discharge increased rapidly with increasing water flow. 

This indicates that as the water flow increases, its importance in determining the rate of 

FC discharge increases at an exponential rate. This relationship is expressed by the 

equation Y = 1.68 x 106 + (0.34 x 10 4) X + (0.70 x 10 U) X2 in which X = flow x 106 1 day-1 
9-1 2 

and Y = FC x 10 discharged day . The coefficient of determination was R = 0.828. 

The relationship between water flow and FC discharge was analyzed for all seasons 
o 

and for the year at each basin (Table 4). The coefficients of determination (R ) were 

obtained for the data. A two variable parabolic regression analysis indicated that 83-99% 

of the variation in FC discharge can be explained with water discharge during the spring 
2 

and summer and 51-79% during fall and winter. Yearly R values ranged from 0.53 to 0.88 

and were significant at the 95% probability level. 

Fecal discharge per unit watershed area was also calculated. FC discharge from 7 

basins were as follows: 3.9 x 1010ha-year-1at basin 101; 3.5 x 1010ha-year-1at basin 102; 3.0 

x 10^ha-year 1 at basin 103; 4.9 x lO^ha-year^at basin 105; 4.6 x 10^ha-year 1 at basin 106; 

2.1 x 1010ha-year 1 at basin 107; and 2.4 x 1010ha year *at basin 108. The variation between 

FC discharge ha-year 1 was much smaller from the various basins than the FC discharge 

year *. The magnitude of FC discharge ha-year was the highest (4.6 and 4.9 x 1010) from 

basins 105 and 106 and the lowest (2.1 and 2.4 x 1010) from basins 107 and 108. In contrast, 

when FC discharge was calculated on a yearly basis (FC discharge year *), the highest 

discharge was 8.7 x 1012 from basin 101 and the lowest 0.6 x 1012 from basin 107 (Table 3). 

The paired t-test was also used to distinguish differences in FC discharge ha-year1 

between basins. The results indicate significant difference between basins 102 and 107, 

and 106 and 108. However, no difference was found between the other basins. Similarly, 

no difference was found in FC discharge ha-year-1between seasons at each basin using a 

one-way analysis of variance test. 

When the FC discharge year 1 per unit length of stream was calculated, the results 

are very similar to those found for FC discharge ha-year-1. The FC discharged per unit 

stream length was as follows: 2.35 x 1012 FC km-1 year-1 at basin 101; 1.67 x 1012 FC km 1 

year-1 at basin 102; 1.12 x 1012 FC km-1 year-1 at basin 103; 2.56 x 1012 FC km1 year-1 at 

basin 105; 1.87 x 1012 FC km-1 year-1 at basin 106; 0.59 x 1012 FC km-1 year-1 at basin 107; 
12 -1 -1 

and 1.01 x 10 FC km year at basin 108 respectively. Basin 105 discharged FC at the 

highest rate, discharging 4.3 times more FC km-1 than did the lowest FC discharging basin 

(107). Therefore, it is better to express FC discharge per unit area than FC discharge per 
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Table 4. Coefficients of determination for seasonal water discharge (Y)a 

against seasonal FC discharge (X)b from seven RR basins using two variable 

parabolic regression equation. 

Seasons Basins 

1974-75 101 102_103_105_106__107 108 

2 
Coefficient of Determination (R ) 

Winter 

Spring 

Summer 

Fall 

Annual 

Nc 

0.98 

0.79 

0.99 

0.40d 

0.83 

48 

0.99 

0.38d 

0.99 

0.51 

0.75 

47 

0.15d 

0.91 

0.99 

0.74 

0.53 

46 

0.97 

0.52 

0.99 

0.51 

0.84 

46 

0.97 

0.57 

0.99 

0.72 

0.88 

46 

0.83 

0.39d 

0.99 

0.99 

0.76 

39 

0.99 

0.53 

0.99 

0.36d 

0.65 

48 

fi 
a = flow x 10 1 day 

b = FC x 10^ discharged day 1 

c = number of weeks sampled during the year 

d = statistically not significant, all other values are significant 

at 95 % probability level 
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unit length of stream. 

Ongley (1973) indicated that drainage density can be used as a characterization of 

watersheds in estimating loading rates into receiving waters. In the Rhode River 

subbasins, drainage density and FC discharge do not appear closely related (Fig. 2/d). A 
12 least squares regression analysis gave the following relationship: log Y (FC x 10 

discharged year *) = 13.45- 2.48 log X (drainage density). The coefficient of variation was 
2 

R = 0.415, which was not significant at the 95% probability level. 

Coliform Discharge - Land Use Relationship 

The proportion of yearly FC discharge from 3 land use types was determined by 

applying a statistical model which relates land use to FC discharge (Table 5). From 
9-1 9 1 

pasture the discharge was 89 x 10 FC ha-year , from forest 22.4 x 10 FC ha-year and 
9 -1 

from cultivated land 19.8 x 10 FC ha-year . The FC discharge rates from each land use 
9 -1 

type varied seasonally. Pasture discharge ranged from 0.1 to 62.1 x 10 FC season ; forest 
9 -1 

discharge ranged from - 1.7 to 15.3 x 10 FC season ; and cultivated land discharge ranged 
9 -1 

from - 8.6 to 23.7 x 10 FC season . The seasonal pattern of FC discharge from pasture 

and forest was similar. FC discharge was the highest in summer followed by a decreased 

magnitude in spring, winter and fall. In contrast, the cultivated land discharged the 

highest number of cells in winter. This is probably due to the practice of some farmers of 

spreading manure on the soil during the winter months. 

Negative discharge values, which appeared in the forest area in winter and in 

cultivated land in spring, were interpreted to mean that a particular land use served as a 

depository rather than as a source of FC cells. However, these negative values are small 

in comparison of FC discharge in other seasons; they may indicate that FC discharge was 

either zero or very low. 

DISCUSSION 

It is difficult to rank all the factors contributing to FC discharge from a rural 

watershed. We have selected a few which appeared the most important. One has to 

keep in mind that this study was completed in an area where basin size varied between 

28 and 254 ha, the stream length varied between 0.7 and 6.7 km, the slopes averaged 

5%, land use was complex and the animal population was 0.53 unit ha \ Therefore, the 

conclusions may have the limitations imposed by the above factors. 
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Table 5. Predicted yearly and seasonal fecal coliform discharge from pasture, 

forest and cultivated areas from seven basins in water year 1974-75. 

Seasons Pasture Forest Cultivated 

9 
FC x 10 discharged/ha 

Winter 0.8 - 1.7 23.7 

Spring 26.0 8.2 - 8.6 

Summer 62.1 15.3 1.9 

Fall 0.1 0.6 2.8 

Year 89.0 22.4 19.8 
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Water flow is an important variable affecting discharge of fecal organisms. This 

fact has been shown by several workers (Faust, 1976/a; Evans and Owen, 1972; Kunkle, 

1970; Morrison and Fair, 1966; and Weidner et al, 1969). Our present data indicate that 

the relationship between FC discharge and water flow may be complicated. FC 

discharge was little affected when water flow was between 5 and 10,000 1 ha-day *. FC 

discharge increased exponentially when water discharge increased over the value of 

10,000 1 ha-day-1. This relationship appears to be similar to that reported by other 

investigators for total viable bacterial discharge (Evans and Owens, 1973) and for 

sediment discharge (Bormann, Likens and Eaton, 1969). 

There are other factors which may be important in FC discharge. The number of 

bacteria in or on the soil and vegetation also could influence FC discharge (Evans and 

Owens, 1972). This is especially important when various animal densities and the 

deposition of bacteria produced by them on the soil and vegetation is considered. 

One of the factors greatly influencing the FC pollution is the rate of water flow. 

This can be estimated by periodical sampling, or by more sophisticated automated 

integrated sampling. To calculate area yields, the determination of total water 

discharge is essential. We, therefore, determined how closely one can estimate true 

water flow from spot samples taken weekly. We compared this estimation with the 

results of continuous flow measurements. This comparison is important because for 

microbial analysis one must use spot sampling. 

The weekly spot sampling method used to estimate FC discharge has the 

disadvantage that sampling times are random with respect to rainfall patterns. Samples 

taken during the peak of a storm event may grossly overestimate the water flow and FC 

discharge for that week, while samples taken at base flow which miss one or more 

periods of rain may underestimate the true FC discharge levels. The FC discharge data 

from the seven basins may be considered as minimum values, because samples were 

taken mostly during base flow conditions. Although weekly flow values were different 

depending upon the use of either spot sampling or continuous flow values, the yearly 

flow estimates by the two methods were in very close agreement leading us to believe 

that FC discharge levels for each basin are relatively close estimates of bacterial 

pollution. 

The season of the year is a determining factor in the level of FC pollution. This is 

evident from this study as well as from previous studies (Faust, 1976/a). The seasonal 

fecal discharge levels can be different from one year to the next from the same 

watershed (Faust, 1976/a; and Faust, 1976/b). The fecal coliform discharge was the 
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highest during spring and summer of 1974-75 water year, whereas it was the highest 

during spring and winter during the 1973-74 water year. The difference observed 

between the two years is probably due to the rainfall pattern, since the 1974-75 year 

was wet and the 1973-74 year had an extremely dry summer. 

Loehr (1974) in a review on non-point sources of pollution pointed out the lack of 

data in the form of area yields rather than concentrations. Area yields can be 

calculated on the unit basis or can be expressed as yield from the basin. FC discharge 

ha-year-1 varied from basin to basin and this variation was less than the variation in 

discharge estimated as FC year ^ The highest FC discharge year ^as from basin 101 

which released 14.5 times more bacteria, than the lowest discharging basin (107). In 

contrast, the highest discharging basin (105) released only 4.3 times more bacteria than 

the lowest discharging basin (107) calculated as FC discharged ha-year-1. The FC 

discharge ha-year was more uniform throughout the 7 basins than FC discharge year . 

We must note that some of the pasture area is located very close to the weir sites in 

basins 105 and 106 which discharged the most FC per unit area. This may have caused 

the relatively high values obtained from these two basins. Considering this fact, the FC 

discharged ha-year was relatively uniform from all seven basins. 

FC discharge increased proportionately to basin size and stream length. This 

relationship merely points to the fact that FC discharge is strongly influenced by the 

flow of water which in turn is determined by basin characteristics. Therefore, it is not 

surprising that FC discharge is related to basin characteristics. Estimations such as FC 

discharge stream length-year Vr FC discharge year Varied much more between basins 

than FC discharge ha-year and are considered less useful. While discharge expressed 

on stream length and basin size all had statistically significant relationships with the 

total FC discharge, the values expressed on the basis of drainage density were not 

significant. 

We have been concerned with the fact that pastures may contribute considerably 

to FC discharge (Geldreich, 1966). We estimated (Faust, 1976/a, and Faust et al, 1975) 

that 1-6% of the FC bacteria produced domesticated livestock grazing the land are 

washed from the watershed through streams that have lengths up to 6.7 km. This 

further illustrates the importance of the contribution of pastures to the FC discharge 

from a given watershed. 

A model appears to be useful in estimating the contribution of various land use 

types to FC discharge. The alternative to this method is to estimate FC discharge from 

a single land use basin. Such basins are difficult to find in a complex land use system, 
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as most stream banks are wooded, while cultivated areas are usually located further 

from the stream channel. We are currently testing the accuracy of the use of a 

statistical model for FC discharge by determining the contribution of a single land use 

type (i.e. cultivated land) to the total FC discharge by direct sampling. Until this work 

is completed we can only use relative comparison. However, the model estimates that 

68% of the total FC discharge (4 x 10 FC discharged ha -month ) was from pasture 

which occupied only 18% of the total area. The monthly average discharge from basin 
9 

107, which has only 9% of its land area in pasture, was 1.6 x 10 FC discharged ha-month 

The proportion of the two pasture areas and the two FC discharge rates are the same 

2.4 and 2.5 respectively. Although we consider our loading estimations realistic, we 

need to compare FC discharge values from both complex land use and single land use 

basins. Instrumentation to provide measurements in single land use basins will be 

completed in the near future. 
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DISCUSSION 

Falk: Couldn't that seemingly anomalous high discharge of fecal coliform bacteria from 

the pastures in the winter be partially explained by the agricultural practice of 

fertilizing cultivated fields with manure during the winter. 

Faust: I really don't know how much that practice is used here. I really feel that it is 

mainly due to animals or cows grazing during the winter out in the pasture. They are 

not confined to a stall during the winter and this could be one of the reasons that in the 

winter fecal bacteria discharge to a greater extent. 

Forney: Wasn't the highest fecal coliform discharge in the winter from the cultivated 

fields? Although that might be due to the manuring of the field, isn’t that also possibly 

from the geese grazing on that field. 

Faust: I think it could have been or even just that the sediment discharge at that time 

removed them more efficiently. Bacteria attach to sediments and since the fields are 

open in a sense it is possible that the sediments in the runoff could have removed them. 

Wolfe: In these pasture situations, do the cattle have direct access to the streams in 

many of these watersheds? 

Faust: I think that is the case in 106 and 105. 

McSwain: I was wondering if you have any numbers on the fecal coliforms in the 

estuary or in the Bay itself. 

Faust: We published a paper in Water Research last year where we were able to show 

the input of fecal bacteria from the watershed and by having stations along the estuary 

and by knowing the volume of the river we were able to estimate which portion of the 

river would have excess numbers of fecal bacteria above the water quality standards 

here in the Rhode River for shellfish harvesting which would be 14 fecal bacteria per 

hundred ml. Also, we were able to estimate that of the number of fecal bacteria 
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deposited on the watershed, actually only 1 to 6 percent reached the estuary. In the 

most extreme case we had 26 percent of the fecal bacteria washed off from the land. 

But, definitely there is a seasonal trend and we were able to show that when more fecal 

bacteria are deposited on the land, the river is polluted for a longer distance. There 

were times of the year when the whole river had less than 14 fecal coliforms per 

hundred ml. but after large storm events a large number of organisms washed in from 

the watershed and the river was polluted much further down. We were able to show 

that the organisms are diluted so that as the river volume increases, the numbers 

decrease proportionately. 

Pluhowski: In basin 101 I was interested in the difference in concentration pattern. The 

sediment would peak before the flood discharge while apparently the fecal coliform 

peaked after. I am wondering just how much of this is due to the fact that the eastern 

flank is where all the cattle are and perhaps it simply takes that much longer for the 

stuff to get down there whereas when we are talking about suspended sediment I think 

initially you have a surge of water coming down the channel and it is just picking up the 

material which is laying along the bed, perhaps. This would cause an initial surge of 

sediment and that itself is probably clear of coliforms. 

Faust: Not necessarily. I think it has been shown that vectored stream parameters 

affect the number of organisms in the stream and most likely when there is a surge of 

water moving down rapidly some of the bacteria in that stream parameter are mixed up 

and are going to be part of the flow. But that particular storm event is only one and we 

should not make any generalization. I also think that by having several of these 

estimated or followed up and also several basins we might have a clearer picture. I 

mean there is not a simple answer. And you cannot really make many conclusions. 
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SELECTED PATHOGENIC MICROORGANISMS CONTRIBUTED FROM URBAN WATERSHEDS 
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and 

James E. Smith, Syracuse University, Syracuse, New York 

Abstract—Grab samples were collected from three urban streams, six storm 

drains, raw sewage, and an upland reservoir during a thirteen month period in 

Baltimore City, Maryland. Each sample was assayed for levels of Salmonella 

sp., enteric viruses. Pseudomonas aeruginosa, Staphyloccocus aureus and 

indicator bacteria (total coliform, fecal coliform and fecal streptococci.) 

Pathogenic microorganisms were consistently isolated from urban streams and 

storm runoff. The most numerous pathogens were P. aeruginosa and Staph, 

aureus at geometric mean densities of 290 to 6000/100 ml and 3 to 120/100 ml, 

respectively. Salmonella sp. and enteric viruses, though recovered at high 

frequencies, required concentration and were found at geometric mean densi¬ 

ties of 5 to 140/10Z and 7 to 280/10l, respectively. Levels of indicator 

and pathogenic microorganisms were approximately 10-fold higher in the storm¬ 

water samples. Except for a slight elevation in the levels of P. aeruginosa 

in the fall, there appeared to be no marked seasonal variation in the levels 

of microorganisms. The density of fecal coliform appeared to be independent 

of instantaneous flow and the number of days since the last rainfall for both 

the urban stream and storm samples. The microbial quality of the urban 

streams and storm runoff was uniformly poor. Only 3 of 92 stream samples and 

1 of 136 stormwater samples met the recommended 200 fecal coliform/100 ml 

standard. 

INTRODUCTION 

The levels of microorganisms indicative of fecal contamination have been 

well documented in urban watersheds (1,2,3,4,5). However, little information 

has been available on the presence and densities of human pathogenic micro¬ 

organisms in these waters. The National Commission on Water Quality in 1975 

(6) could find no information on any runoff sampling studies conducted spe¬ 

cifically for human pathogens. The objective of this report is to provide 

the needed information on the presence and levels of selected pathogenic 
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microorganism in urban waterways. 

STUDY SITE 

Baltimore is unique in being the first large city in the United States 

to construct a comprehensive system of separate sanitary and stormwater 

sewers. The sanitary sewerage plan was conceived in 1907, completed con¬ 

struction in 1915, including secondary treatment, and 90% of the population 

of the city was connected by 1920. Today the sewer system extends into the 

metropolitan areas of Baltimore County. The Baltimore metropolitan area, as 

shown in Figure 1, is intersected by four separate drainage areas which dis¬ 

charge into the tidal estuary of the Chesapeake Bay. The main arm of the 

Baltimore harbor is the Patapsco River which drains the area south and west 

of Baltimore and does not directly effect the drainage of the city. The 

principal drainage areas in Baltimore City are the Gwynns Falls, Jones Falls 

and Herring Run. The topography of the area greatly facilitated the drainage 

scheme. Much of the area is served by sanitary sewers which flow by gravity 

to the Back River Wastewater Treatment Plant, the largest plant located some 

5.75 miles east of the city. A second but a much smaller plant on the Pa- 

tapsco River in the south harbor will be enlarged to provide treatment of the 

wastewater from the Gwynns Falls interceptor in the near future. The valleys 

fan out into wide flatlands along the coastal plain. Here the collected 

sewage requires considerable pump lift of some 70 feet to discharge into the 

main outfall sewer to the Back River plant. 

The stormwater drainage was developed separately. In 1902 a provision 

was made to set aside the stream valleys for floodway parks under public 

ownership. This action was a forerunner of the modern concept of flood plain 

management. The railroads ran down the valleys to reach the harbor. This, 

along with the old water power mills, attracted some industry which still 

exists in the lower Jones and Gwynns Falls reaches. The stream valleys are 

an integral part of the storm system. The channels drain a completely urban 

and suburban city-county population and the water samples from which present 

an integrated picture of the microbiological quality of runoff from a major 

metropolitan area. With the exception of the unsewered country-estate zone 

indicated as the Green Spring Valley the entire catchment is indistinguishable 

on either side of the city limits with regard to typical suburban development. 

It is estimated (1972) that 905,000 people live in the drainage area under 

636 



study, with 805,000 being within the city. The population density within the 

city averages’45.7 persons/ha. (18.5 per acre) and 37.3/ha. (15.1 per acre) 

in the county. 

METHODS 

SAMPLING 

Grab samples were collected from water courses within Baltimore City and 

assayed for selected indicator and pathogenic microorganisms over a thirteen 

month period, from September 1, 1974. to September 30, 1975. The background 

samples: raw sewage (Site A), Herring Run (Site B), The Jones Falls (Site C), 

The Gwynns Falls (Site D), and Loch Raven reservoir (Site E) were collected 

routinely regardless of rainfall. The background sample locations are shown 

in Figure 2 and are indicated by open stars. Six storm drains were sampled 

during storm events to obtain information on the contribution of microorgan¬ 

isms from urban stormwater runoff. The storm samples: Stoney Run (Site F), 

Glen Avenue (Site G), Howard Park (Site H), Jones Falls storm drain (Site K), 

Bush Street (Site L), and Northwood (Site M) are shown in Figure 2 by the 

solid stars. The drainage area served by the storm sewers is shown by the 

dark shade. The physical characteristics of the storm water sampling sites 

are given in Table 1. 

MICROBIOLOGICAL ASSAYS 

Each sample was assayed for the levels of total coliform, fecal coliform, 

fecal streptococci, Pseudomonas aeruginosa.. Staphylococcus aureus, Salmonella 

sp. and enteric virus. Details of the culture methods and procedures employed 

were reported elsewhere (7,8). 

Table 1. Characteristics of urban stormwater sampling sites 

Drainage area in acres Density 
Ind. 

Name of station Residential Parks Comm. Total Population Pop/ac, Pop/ha. Remarks 

F Stoney Run 1370 4 5 1379 11,600 8.4 20.8 3 sanitary bleeders 

G Glen Ave. drain 195 2 1 198 5,100 26.2 64.6 1 sanitary bleeder 

li Howard Park 606 170 4 780 18,100 29.9 75.0 combined sewer 

K Jones Falls drain 603 1 21 625 27,000 44.8 111.0 1 sanitary bleeder 

L Bush St. drain 853 175 59 1087 78,900 92.5 228.0 storm only 

M Northwood 30 0 20 50 800 26.6 63.3 storm only 
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RESULTS 

OCCURRENCE AND LEVELS OF MICROORGANISMS 

The levels of indicator microorganisms, P. aeruginosaand Staph, 

aureus are reported as MPN or number per 100 ml. The Salmonella sp. and 

animal virus are reported as MPN/10 liters and PFU/10 liters, respectively. 

It is important to recognize that the denominator for the Salmonella and 

animal virus data is 100-fold greater than the denominator for the indicator 

and other microorganisms. 

Background Samples 

The occurrence of selected pathogenic bacteria is summarized in Table 2 

for the background samples. Salmonella sp. were recovered from all the raw 

sewage samples, 84% of the samples from Herring Run, 94% of the samples from 

the Jones Falls and 100% of the samples from Gwynns Falls. Only one out of 

14 samples (7%) from Loch Raven reservoir were found to contain Salmonella. 

P. aeruginosathe most abundant pathogen, was found in all the samples of 

raw sewage. Herring Run, and Jones Falls, and 97% of the samples from Gwynns 

Falls. P. aeruginosa was isolated in 62% of the Loch Raven reservoir 

samples. Staph, aureus was found in 93%, 57%, 93% and 59% of the raw sewage, 

Herring Run, Jones Falls, and Gwynns Falls samples, respectively. No Staph, 

aureus was recovered from Loch Raven reservoir. It should be noted that the 

lower sensitivity limit for the Staph, aureus assay was an MPN of 2/100 ml. 

Table 2. Occurrence of selected pathogenic bacteria in 

background samples, percent 

Sample site Salmonella sp. P. aeruginosa Staph, aureus 

A Raw sewage 100 100 93 

B Herring Run 84 100 57 

C Jones Falls 94 100 93 

D Gwynns Falls 100 97 59 

E Loch Raven 7 62 0 
reservoir 
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The occurrence of viruses in the background samples is shown in Table 3. 

The percent occurrence was based on the presumptive test of the virus con¬ 

centrates with neutralizing antisera and cell sensitivity spectrum for five 

virus groups; poliovirus, Coxsackie B virus, echovirus, adenovirus and 

reovirus. Animal viruses were isolated in 93%, 82%, 75% and 79% of the raw 

sewage, Herring Run, Jones Falls, and Gwynns Falls samples respectively. A 

surprisingly high 71% (5 of 7 samples) of the samples from Loch Raven reser¬ 

voir contained viruses. Poliovirus was the predominant virus recovered in 

Gwynns Falls and Loch Ravern reservoir. Similar frequencies of recovery of 

poliovirus and Coxsackie B virus were observed for raw sewage and Herring 

Run. Coxsackie B virus was the predominant group found in the Jones Falls. 

Echovirus was recovered from 8% to 29% of the background samples. Adenovirus 

was recovered from raw sewage and Gwynns Falls, and reovirus was found in the 

Jones Falls and Gwynns Falls Samples. 

Table 3. Occurrence of viruses in background samples 

Sample site 
of 

samples 
Animal 
Virus Poliovirus 

Coxsackie 
virus B Echovirus Other 

A Raw sewage 15 93 53 53 20 13a 

B Herring Run 11 82 36 36 27 0 

C Jones Falls 12 75 33 58 8 8b 

D Gwynns Falls 14 79 57 50 29 21a> b 

E Loch Raven 7 71 43 29 14 14c 

reservoir 

* - Occurrence based on presumptive test of virus concentrates 

a - Adenovirus 

b - Reovirus 

c - Not identified 

The geometric mean densities for the microorganisms assayed for each 

background sample station are given in Table 4. The raw sewage and Loch 

Raven reservoir provide information on the microbial water quality that can 

be expected under the worst and best conditions, respectively, in an urban- 
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ized area. Each of the urban streams contains high levels of each of the 

indicator microorganisms and would be judged contaminated regardless of the 

indicator of fecal contamination employed. The relative order of levels of 

pathogens in the urban streams was P. aeruginosa > Staph, aureus > Entero¬ 

virus > Salmonella sp. 

Table 4. Geometric mean densities of selected pathogens and 

indicator microorganisms in background samples 

Sample 
site 

Enterovirus 
PFU/10 1. 

Salmonella 
sp. 

MPN/10 1. 
P. aeruginosa 

MPN/100ml 

Staph. 
aureus 

MPN/100ml 

Total 
coliform 
MPN/100ml 

Fecal 
coliform 
MPN/lOOml 

Fecal 
strep, 

no./100ml 

Entero¬ 
cocci 

no./100ml 

A Raw sewage 8.7 x 102 5.0 x 102 2.3 x 105 2.6 x 102 2.3 x 107 6.3 x 106 1.2 x 106 5.4 x 10s 

B Herring Run 2.8 x 101 4.6 2.9 x 102 3.2 4.8 x 103 1.1 x 103 1.6 x 103 5.9 x 102 

C Jones Falls 6.0 x 101 9.1 2.1 x 103 9.5 4.0 x 104 1.5 x 104 1.6 x 104 4.9 x 103 

D Gwynns Falls 1.3 x 101 1.5 x 101 4.7 x IQ2 4.5 4.0 x 104 5.9 x 103 1.7 x 103 8.9 x 102 

E Loch Raven 
reservoir 

5.9 x 101 0 3.1 2.5 2.6 x 101 1.5 x 101 1.0 x 101 2.0 

The relative levels of indicator and pathogenic microorganisms in the 

urban streams during the sampling period are shown graphically for the Jones 

Falls (sample Site C) in Figure 3. Consistently high levels of total coli- 

form, fecal coliform, and fecal streptococci were observed throughout the 

year. Although variations can be seen in the data, there does not appear to 

be any marked variation with season. The levels of fecal coliform in the 

Jones Falls exceeded the recreational standard of 200 fecal coliforms/100 ml 

in all of the samples during the 13 month sampling period. The levels of 

P. aeruginosa3 Staph, aureusand Salmonella sp. are also shown in Figure 3. 

Noticeable variation was observed but there was no apparent difference with 

season of the year. P. aeruginosa was the predominant pathogen followed by 

Staph, aureus. Salmonella was recovered from 29 of 31 or 94% of the samples 

collected from the Jones Falls. 

Similar results were obtained for Herring Run and Gwynns Falls. High 

levels of indicator microorganisms were observed with no apparent seasonal 

variations. The fecal coliform recreational water standard was met in only 

one sample taken from the Gwynns Falls and two samples taken from Herring Run 
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of magnitude and follow the same order of occurrence as in the Jones Falls. 

Seasonal variation again does not appear. A possible peak was observed for 

P. aeruginosa for the Gwynns Falls in September 1974 but was not observed in 

September of 1975. Salmonella was recovered from all samples collected in 

the Gwynns Falls and 27 of 32 or 84% of the samples from Herring Run. 

Storm Samples 

The occurrence of selected pathogenic bacteria in storm runoff is shown 

in Table 5. Salmonella sp. were recovered from all the samples collected at 

Stoney Run, Glen Avenue, and Howard Park, 96% of the samples collected at 

Jones Falls storm drain and Bush Street, and 52% of the Northwood samples. 

P. aeruginosa was found in all the storm samples at levels approaching those 

found for the indicator microorganisms. Staph, aureus was isolated from 83%, 

71%, 95%, 100%, 96%, and 82% of the samples from Stoney Run, Glen Avenue, 

Howard Park, Jones Falls storm drain, Bush Street and Northwood, respectively. 

The lower relative recovery of Staph, aureus was due to the higher sensitivity 

limit for the Staph, aureus assay. No concentration procedure was employed 

and the maximum sample volume assayed was 10 ml. 

Table 5. Occurrence of selected pathogenic bacteria in 

stormwater samples 

Occurrence, / 

Sample site Salmonella sp. P. aeruginosa Staph, crureus 

F Stoney Run 100 100 83 

G Glen Avenue 100 100 71 

H Howard Park 100 100 95 

K Jones Falls 
storm drain 96 100 100 

L Bush Street 96 100 96 

M Northwood 52 100 82 

Animal viruses were recovered at a high frequency in the storm runoff 

samples. Table 6 shows the occurrence of selected animal viruses for these 
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samples. Animal virus was recovered from all the samples at Stoney Run and 

Howard Park, 92% of the Glen Avenue, 83% of the Jones Falls and Northwood 

and 75% of the Bush Street samples. The predominant virus groups found 

were polioviruses and Coxsackie B viruses. Echovirus were observed at a 

lower frequency. Adenovirus was found in 1 of 12 samples at Bush Street and 

reoviruses were found at a similar frequency at Glen Avenue and Howard Park. 

Table 6. Occurrence of selected viruses in stormwater samples 

Occurrence, % 

Sample site 
Animal 
virus Poliovirus 

Coxsackie 
virus B Echovirus Other 

F Stoney Run 100 73 73 27 9C 

G Glen Avenue 92 75 42 17 3b 

H Howard Park 100 42 58 8 8b 

K Jones Falls 
storm drain 

83 67 50 33 8C 

L Bush Street 75 25 42 25 8a 

M Northwood 83 42 50 33 8C 

a - Adenovirus 

b - Reovirus 

c - Not identified 

The geometric mean densities of the selected pathogens and indicator 

microorganisms for each storm sample site are given in Table 7 to provide an 

indication of the relative microbial quality of the storm runoff at each 

location. The levels of total coliform, fecal coliform, fecal streptococci 

suggest that the runoff at each location was heavily contaminated and from a 

microbiological standpoint was of poor quality. The densities of indicator 

microorganisms found in storm runoff were generally about 10-fold higher than1 

that found in urban streams and approached the indicator densities of raw 

sewage. The levels of indicators in storm runoff were several orders of 
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magnitude above that found in the reservoir samples. Regardless of the 

indicator employed, the runoff from each of the sample locations would be 

considered heavily contaminated. With the exception of Howard Park (H) and 

Northwood (M) the mean levels of indicators are surprisingly similar. The 

Howard Park sample, representative of a true combined system, contained con¬ 

sistently higher levels of indicators than the other stormwaters. Northwood, 

a small drainage area of storm runoff only, contained consistently lower 

levels of indicators than from the remaining runoff sites. The Jones Falls 

storm drain is known to receive some raw sewage but the ratio of raw sewage 

to runoff is believed to be small. The Stoney Run (F) and Glen Avenue (G) 

drainage areas contain bleeders from the sanitary sewers which occasionally 

operate during heavy rain storms. The Bush Street drain (L), although 

believed to carry only storm runoff, has a large low lying catchment area 

with many possibilities for sewage contamination. 

The stormwater levels of enteroviruses, Salmonella sp., P. aeruginosa 

and Staph, aureus were several fold higher than that found in the urban 

streams but significantly lower than the levels in raw sewage. P. aeruginosa 

was the most predominant pathogen in stormwater followed by Staph, aureus3 

enteroviruses, and Salmonella sp. Howard Park, the known combined sewer, 

yielded considerably higher levels of pathogenic microorganisms than the other 

sampling locations. 

Table 7. Geometric mean densities of selected pathogens 

and indicator microorganisms in storm water 

Salmonella Staph. Total Fecal Fecal Entero- 
Satnple Enterovirus sp. P. aeruginosa aureus coliform coliform' strep. cocci 
site PFU/10 1. MPN/10 1. MPN/lOOml MPN/lOOml MPN/lOOral MPN/lOOral no./100ml no./100ml 

F Stoney Run 1.9 X 102 3.0 X 101 1.3 X 103 

G Glen Ave, 7.5 X 101 2.4 X 101 3.3 X 103 

H Howard Park 2.8 X 102 1.4 X 102 5.2 X 103 

K Jones Falls 3.0 X 101 2.5 X 101 6.6 X 103 
storm drain 

L Bush St. 6.9 3.0 X 101 2.0 X 103 

M Northwood 1.7 X 102 5.7 5.9 X 102 

1.2 x 101 4.8 x 104 1.9 x 104 4.1 x 104 1.4 x 104 

1.4 x 101 2.4 x 105 8.1 x lb4 6.6 x 105 2.1 x 105 

3.6 x 101 1.2 x 106 4.5 x 10s 2.4 x 105 5.9 x 104 

4.0 x 101 2.9 x 10s 1.2 x 10s 2.8 x 105 8.7 x 104 

1.2 x 102 3.8 x 10s 8.3 x j.04 5.6 x 105 1.2 x 105 

1.2 x 101 3.8 x 104 6.9 x 103 5.0 x'104 2.1 x IQ4 
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FLOW 

The effect of stream flow on the levels of fecal coliforms in Herring 

Run and Gwynns Falls is shown in Figure 4. Stream flow was determined at 

the time of sample collection. The minimum stream flow that could be esti¬ 

mated at Herring Run was 28 liters/sec. The highest recorded flow was 

608 liters/sec. and is not recorded on the graph. During periods of low flow 

the levels of fecal coliform varied from just more than 10 to greater than 

105 MPN/100 ml. There was no apparent relationship between stream flow and 

fecal coliform densities for Herring Run. The stream flow in the larger 

Gwynns Falls varied from 110 to 8,490 liter/sec. As in Herring Run, there 

appears to be little correlation between stream flow and levels of fecal 

coliforms. 

Fairly reliable flow estimations were obtained at the time of sampling 

for three stations; Stoney Run (F), the Jones Falls storm drain (K), and the 

Northwood storm drain (M). Flow estimation at the remaining three stations 

were less reliable due to surcharging and washouts. Figure 5 shows the rela¬ 

tionship of instantaneous flows to the levels of fecal coliforms determined 

at the time of sample collection from. Stoney Run,the Jones Falls storm drain 

and Northwood. At low flows the range of levels of fecal coliforms was be- 

2 6 
tween 10 to almost 10 /100 ml. A similar range of fecal coliform density 

was observed at moderate and high flows. There appears to be little corre¬ 

lation between instantaneous discharge and the levels of microorganisms. 

ANTECEDENT RAINFALL 

The effect of the number of days since the last storm on the microbial 

quality was evaluated for the background and storm samples. The levels of 

fecal coliform were compared to the antecedent or number of days since the 

last rainfall in Figure 6. Antecedent rainfall, in days, appears to have 

little effect on the fecal coliform density in raw sewage, urban streams, 

and stormwater runoff. 
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DISCUSSION 

QUALITY OF URBAN SURFACE WATERS 

The water quality of the urban streams based on detailed examination of 

the levels of pathogens and indicators of pollution was uniformly poor. The 

recovery of pathogenic bacteria and viruses was accomplished in almost every 

sample examined throughout the period of study. Only three samples out of 

92 taken from the urban streams met the 200 fecal coliform MPN/100 ml for 

recreational water use (National Technical Advisory Council Standard, NTAC) 

(9). The mean fecal coliform density was, in fact, in the order of 

6,000/100 ml with a range of 200 to 2.4 million MPN/100 ml, and this certain¬ 

ly is not an acceptable quality for water contact recreation. The levels of 

microorganisms in the urban streams was independent of season, flow and the 

number of days since the last rainfall. This apparent independence, relative 

to factors that have been repeatedly demonstrated to have an effect on the 

microbial quality, was not surprising. It has been long recognized that the 

seasonal variation and effect of rainfall on the bacterial quality of surface 

waters is dependent on the overall condition of the stream. Kisskalt (10) in 

1906 compared the seasonal fluctuations in the levels of bacteria in a good 

quality and a highly polluted stream. In the clean stream the levels of 

bacteria were highest during periods of rain or high water. In the highly 

polluted stream the levels of bacteria were higher during periods of low flow. 

Frost and Streeter (11) in 1924 reported little seasonal fluctuations in the 

level of bacteria in the Ohio River below Cincinnati. They concluded that 

the normal fluctuations in the bacterial count were masked by the effect of 

the pollution from the city. The consistently high levels of indicator 

microorganisms, routine recovery of pathogenic bacteria and enteric viruses, 

and the absence of normal fluctuation levels of microorganisms suggest a high 

level of continuous pollution. Whitman in 1968 (12) surveyed the sources of 

pollution in the urban streams in Baltimore (separate sewers) and Washington, 

D.C. (combined Sewers) and revealed that the largest cause of poor water 

quality in both cities was sewer malfunction. Although the identification of 

the sources of contamination within an urban environment was well beyond the 

scope of the present investigation, it is difficult to conceive of any other 

source but raw sewage that would possess the magnitude of microbial content 

and continuous presence to yield the observed data for the urban streams. 
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HEALTH HAZARD 

It has been hypothesized that an urban area supplied with separate sewer 

systems for stormwater and for sanitary sewage will have cleaner, less haz¬ 

ardous, urban streams than those with combined systems. There is no doubt 

that the hypothesis is supported where properly constructed separate sewer 

systems are provided in new towns and subdivisions where none of the defects 

of age, overloading, and poor maintenance has appeared. 

The area for study is believed to represent a rather typical old, 

central city with a growing suburban belt, a situation shared by metropolitan 

areas throughout the United States. The study area, unlike many along the 

eastern seaboard, is primarily one of separate sewers and open channels for 

the conveyance of storm runoff through existing and proposed recreational 

areas. The population's contact with the urban streams is heavy and will 

increase as playgrounds and parks are extended in the future. An important 

aspect of assessing the public health threat from contact with these urban 

streams is the density of pathogens recovered as was summarized in Tables 4 

and 7. 

Pseudomonas aeruginosa was the most abundant pathogen in all the streams. 

The mean MPN/100 ml was 2 x 103 with a range from 3 to 3.5 x 105. This 

pathogen is of interest because of its association with eye and ear infec¬ 

tions, its resistance to antibiotics, and proclivity for invading individuals 

in debilitated states. The organism is rather ubiquitous and is known to be 

discharged in the feces. Among several organisms proposed as possible indi¬ 

cators of recreational water quality, P. aeruginosa has the advantage of 

allegedly being of human rather than of animal origin (13). The city sewage 

had relatively large numbers of P. aeruginosa averaging 2.2 x 10^/100 ml as 

compared to an average of 7.0 x 10^ fecal coliform/100 ml (1:32). However, 

there were numerous samples which gave a P. aeruginosa MPN equal to or in 

excess of the fecal coliform MPN. This had been found in other studies and 

was attributed to possible multiplication under natural conditions. Should 

this, in fact, be the characteristics of this pathogen, its usefulness as a 

recreational water quality indicator is limited. The least square fit of 

fresh and estuarine water data reported by Cabelli et. at. (14) gave 12 P. 

aeruginosa MPN/100 ml at the NTAC suggested standard of 200 FC/100 ml, 
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whereas, the stormwater in this study gave 63/100 ml. In both instances 

the data were quite variable. The inability of past studies to show any 

relationship between levels of P. aeruginosa in bathing waters and ear infec¬ 

tions weakens the public health concern for the abundance of the organism in 

urban streams. It must be cautioned, however, that the urban runoff assayed 

had concentrations two orders of magnitude higher than values observed in 

bathing beach studies. 

The skin which is exposed to the external environment provides an envi¬ 

ronment for a variety of microorganisms. Staph, aureus, the coagulase- 

positive Staphylococci, is an important human pathogen and is responsible for 

a wide spectrum of clinical diseases. Usually boils, carbuncles, abscesses, 

and impetigo are the common skin leasions seen. Obviously, staphlococcal 

infections may develop anywhere since the organism is indigenous on the skin. 

Direct contact with infected individuals is the most important mode of trans¬ 

mission, and asymptomatic staphylococcal carriers and air play very minor 

roles. However, prolonged contact with water carrying concentrations of a 

wide variety of Staph, aureus strains, some antibiotic resistant or highly 

virulent, could be an important factor in the infection of cuts and abrasions 

acquired while playing in the urban streams. The presence of Staphylococci 

in raw sewage is believed to be primarily contributed by the bath and laundry 

waters. It had a mean concentration of 820 MPN/100 ml with a maximum of 

4,600 and a minimum of 42/100 ml. In the urban streams the concentration of 

Staphylococci was not impressively high. The mean concentration was 

5 MPN/100 ml with a minimum of less than 1 and a maximum 93/100 ml. At the 

NTAC suggested standard of 200 FC/100 ml the calculated concentration of 

Staph, aureus was 2.25/100 ml. Unfortunately, little information is available 

to correlate the degree of risk associated with the levels of Staph, aureus 

in the water. 

The primary human enteric disease-producing bacterial agents associated 

with the ingestion of water are: Salmonella typhi (typhoid fever), Shigella 

species (bacillary dysentery) and cholera. Today all of these organisms but 

Salmonella and Shigella are epidemiological curiosities, the diseases having 

been brought under control by environmental sanitation practices. 

The assessment of the potential health hazard from the Salmonella- 

Shigella organisms in the urban waterways will depend upon the numbers of 
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organisms ingested, the virulence of the bacterial strain, the susceptibility 

of genetically heterogenous human populations, the age and physiological 

state of individuals, the multiplicity of factors affecting the immunity of 

the host, and the interaction of the pathogen with the microbial flora and 

food in the gastrointestinal tract. 

MacKenzie and Livingstone (15) indicated that the Salmonella infecting 

dose varies with susceptibility, and is smaller for infants and the aged. 

Species and strain differences gave different levels of organisms to produce 

clinical illness. In healthy adult volunteers fed experimental dosages, the 

5 9 
minimal numbers causing symptoms varied enormously from 10 to 10 cells. 

Comparable data for typhoid fever (16) showed that a dose of 10 2 organisms 

produced no disease, whereas 10typhoid bacteria resulted in illness of 28% 
7 

of persons exposed. The estimated typhoid LD^ (17) was placed at 10 

organisms. In general it was stated: 

"There are so many gaps in our understanding of the 

infectivity of Salmonella that it is not possible 

to give any reliable figure for the infecting dose 

in man." 

In any case, the number of Salmonella required to be ingested is relatively 

large compared to the evidence regarding Shigella as shown below: 

Infective Dose of Enteric Pathogens 

Shigella ..101 to 102 

Salmonella.10 
8 

Escherichia coli.10 
8 

Vibrio chlerae.10 

In the urban streams the mean Salmonella density was low with a MPN of 

_2 
8.7/10 liters (8.7 x 10 MPN/100 ml). The minimum was less than 1/10 liters 

and a maximum of 320/10 liters. At the NTAC suggested standard of 200 FC/100 

ml the most probable number of Salmonella was 5.8/10 liters. If this water 

is consumed at the maximum possible intake per day of 2 liter/capita, the 

number of Salmonella ingested at the worst condition (32/liter) would be only 

64 organisms. Thus, the salmonellosis health hazard in water contact with 

urban streams is believed to be small. The density of Salmonella in storm¬ 

water exceeded 10,000/10 liters in only one case. If a value of 10,000 
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Salmonella/10 liters for a similar calculation was used, the number of 

Salmonella ingested per day would be 2,000 organisms, and this is still more 

than a factor of 10 lower than the infective dose listed above. This coupled 

with the highly unlikely event of consuming 2 liters of stormwater make the 

health hazard also small. 

Shigellosis, on the other hand, may present a problem. There is every 

reason to believe that Shigella sp. are consistently present in the sewage 

and in the urban runoff. The reported cases of shigellosis in the city peak 

at the same late summer period as salmonellosis but are only 0.7 of the 

reported cases of the latter. The degree of health hazard cannot be verified 

until methods for the isolation and enumeration of Shigella under varying 

environmental conditions are improved. The Dubuque, Iowa episode (18) where 

the transmission of shigellosis to those swimming in a contaminated river 

occurred, supports this concern. The study revealed a mean FC MPN/100 ml of 

17,500 in samples of water in the swimming area. This is greatly in excess 

of the NTAC suggested standard of 200 FC/100 ml. S. sonnei was isolated 

from a sample of the river water containing as low as 400 FC/100 ml. While 

the density of Shigella organisms per unit volume was not determined, the 

hazard may be inferred from the evidence of fecal contamination. 

The exact quantity of enteroviruses which must be ingested to produce 

injurious infections is not known. Poliovirus infection by the oral route 

has been studied and Sabin (19) reported that non-human primates and man did 

not have comparable susceptibility. He reported that if fewer than 10 tissue 

culture doses of vaccine poliovirus were ingested by a human, the virus would 

bypass the pharynx but infect the intestines. If only one poliovirus particle 

ordinarily infected a cell, thousands of virus units must be defective. The 

literature is contradictory in this regard since some claim that a much lower 
4 

concentration can infect children, while others feel that more than 10 

tissue culture doses of vaccine are needed to infect infants (20). Despite 

this, the authors of several reviews of the problem of viral minimal infective 

dose (MID) (21,22,23,24) have generally arrived at the conclusion that one 

tissue culture infective dose (TCID5Q) correlates well with one MID for a 

broad spectrum of viruses. This principle applies to both water and air¬ 

borne infections (21) and is based not only on work with experimental animals 

but administration of viruses to humans as well. It is particularly germane 
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to this discussion that these observations on MID included human viruses such 

as polioviruses 1 and 3 (25,22), coxsackievirus A21 (26), coxsackievirus B4 

(27) rhinovirus (21) and adenovirus(21). 

Admittedly the viruses achieved their high degree of efficiency after 

careful instillation of the inoculum under optimal conditions with minimum 

interference from environmental factors and host resistance factors. Never¬ 

theless the potential for establishing the infection warrants concern. It 

should be noted that infection does not always lead to overt disease. 

Whether or not this potential will be realized is largely a matter of 

probability and frequency of contact. If enough of a polluted water supply 

is consumed, infections are inevitable. It probably makes no difference 

whether it is small amounts consumed by numerous individuals or larger quan¬ 

tities consumed by fewer persons. One simply cannot destroy viral infectivity 

by diluting the viruses. 

In contrast to this, a rather large number of viable cells of bacterial 

pathogens must be consumed by a single host to establish an infection. In a 

very dilute suspension it is impossible to consume enough quantities to esta¬ 

blish the infective dose. A comparison of the bacterial and viral health 

hazards involve unknown factors such as the influence of particle aggrega¬ 

tions. Thus, even though the infective agents are diluted to low levels, the 

occurrence of clusters of virions or microbial cells may defeat protection 

offered by the average low concentration. 

Goldfield in 1976 (28) reviewed the epidemiological evidence for the 

transmission of virus diseases by the water route. He concluded, similar to 

Mosely in 1965 (29), that the demonstrated health hazard of viruses in water 

has been limited to an occasional outbreak of infectious hepatitis associated 

with the direct consumption of contaminated water and raw shellfish, a rare 

occurrence of poliomyelitis, and adenovirus infection associated with swim¬ 

ming pools. At present, the etiology of acute infectious non-bacterial 

(viral) gastroenteritis remains unclear. Thus, even though viruses are 

detected at low levels in urban waterways and storm runoff, and the minimum 

infective dose may be small, the epidemiological information at present 

indicates that the threat to health is low. 
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CONCLUSIONS 

1. High densities of indicator microorganisms were found in the urban 

streams. Only three samples were less than the NTAC suggested standard for 

recreational waters. The mean concentration was 30 times the 200 fecal 

coliform/100 ml standard. Pathogenic microorganisms were consistently re¬ 

covered. P. aeruginosa was the most numerous, Staph. aureus was present at 

low levels, and Salmonella and enteric viruses required a concentration 

technique for enumeration. 

2. High densities of indicator microorganisms were also found in urban 

storm runoff. Only one sample had less than the 200 fecal coliform/100 ml. 

Pathogens were consistently recovered at approximately 10-fold higher densi¬ 

ties than in the stream samples. The same order of occurrence was observed. 

3. There was no marked seasonable variation in the levels of micro¬ 

organisms in the urban streams. There was a slight elevation of concentra¬ 

tion of P. aeruginosa, in the early fall when rainfall was minimal and water 

temperature was the highest. 

4. The density of fecal coliform was independent of flow and antecedent 

rainfall in the urban streams. 
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DISCUSSION 

In a city environment how comfortable are you with the fecal coliform tests as the 

indicator to use? The reason I mentioned this is that, in the Shanandoah Valley we find 

it works beautifully in many situations except around industrial waste, particularly 

textile waste where you find it's not E. Coli in many cases but Klebsiellea pneumoniae. 

In some cases it dominates that population, do you see any trace of this in this kind of 

situation? 

Olivieri: In terms of Klebsiellea we had wanted initially to split the coliform group out 

and look at all the different members of the group. In terms of our urban streams I 

don’t care what indicator you would use to judge the quality. The quality of these 

streams is uniformly poor. In terms of what indicator you want to use you take you 

pick. At this stage, when you have this many microorganisms present it's a moot point 

to argue which particular indicator you want to favor. 
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DYNAMICS OF TRACE ELEMENT EXPORT FROM A DECIDUOUS WATERSHED, 

WALKER BRANCH, TENNESSEE1’2 3 

R. R. Turner, S. E. Lindberg, and K. Talbot 
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Oak Ridge, Tennessee 37830 

ABSTRACT—As part of an integrated study of trace contaminant behavior on a 

landscape scale, concentrations of several trace elements in both dissolved 

and particulate form were measured regularly in streamflow from Walker 

Branch Watershed during the period September 1975 to August 1976. In 

general Cd, Cu and Cr were transported primarily in dissolved form, with the 

relative fraction in particulate form increasing during storms. Iron and 

Mn, responding to the high pH (^8.0) and oxygenated conditions of the 

stream, were transported primarily in particulate form. Dissolved Mn, and 

to a lesser extent dissolved Zn, generally increased in concentration as 

streamflow increased during storms, while dissolved Cr and dissolved Pb 

generally decreased. Dissolved levels of Cu, Mn, Zn and Fe were correlated 

positively with dissolved organic carbon concentration, which frequently 

increased rapidly during early stormflow (i.e., indicating a flushing 

effect). Analysis of elements associated with stream particulate matter 

showed positive correlation between concentrations of several trace elements 

and Fe and Mn. The 12-month streamflow exports of Cd, Cr, Cu, Pb, Zn, Mn 

and Fe were respectively 0.15, 0.49, 0.69, 2.22, 12.4, 193 and 316 

grams/hectare. 

Research sponsored by the Energy Research and Development Administration 

under contract with Union Carbide Corporation. 
2 
Publication No. 1023, Environmental Sciences Division, ORNL. 
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Introduction . 

A major aspect of current research on Walker Branch Watershed (WBW), 

located in east Tennessee, is concerned with expanding the limited knowledge 

of the biogeochemistry of trace elements on a landscape scale so that the 

consequences of accelerated inputs of these elements to the environment can 

be more accurately assessed. Andren and Lindberg (1977) have presented data 

which indicates that emissions from local coal combustion can account for a 

significant fraction of the dry deposition input of certain trace elements 

to WBW. Thus WBW offers the opportunity to examine the landscape 

deposition, cycling, and streamflow export of selected trace elements, some 

fraction of which are derived from emissions from coal combustion. 

Some important research objectives related to trace elements include: 

1. Quantification of atmospheric inputs of selected trace 

elements with emphasis on identification of factors 

responsible for variability in these inputs. Lindberg 

et al. (this Symposium) have already presented some 

findings related to this objective. 

2. Determination of the fate of trace elements deposited 

on Walker Branch Watershed and elucidation of the 

dynamics of their internal cycling. Van Hook et al. 

(1973, 197^, 1977) have summarized distributions of 

several trace elements in some major landscape 

compartments on WBW and calculated trace element 

transfer rates between these compartments. 

3. Characterization of mechanisms controlling 

concentrations of trace elements in Walker Branch 

streams and quantification of annual streamflow 

export of these elements from the watershed. The 

purpose of this paper is to present some preliminary 

results related to this objective. 
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Study Site 

Walker Branch Watershed consists of two subcatchments, 59.1 and 38.4 ha 

in size. Harris (this Symposium) has given a detailed description of the 

research facilities available on the watershed and outlined the general 

nature and results of past and continuing research. Henderson et al. (this 

Symposium) and Huff et al. (this Symposium) have outlined the significant 

hydrologic features of the watershed. The only additional information 

necessary to give here is that detailed studies of trace element transport 

dynamics have been concentrated mainly on the west fork (38.4 ha) of WBW, 

with sampling of the east fork (59.1 ha) stream being only sufficient to 

permit calculation of total trace element export from this subcatchment. 

Methods 

During the study period reported here, September 1975 to August 1976, 

streamflow from both the east and west subcatchments was sampled for trace 

element analyses at least weekly at a point upstream of each stilling basin 

where flow was turbulent. During, and following, major storm events 

sampling was more frequent on the west fork, ranging from hourly (on the 

rising limb of storm hydrographs) to daily (falling limb). Five storm 

events were sampled in detail during the study period, including the largest 

which occurred during the study period. Sampling of other major storm 

events was restricted to three or fewer samples spanning the period of peak 

discharge. The average stream discharge during the study period was 

0.017 m^/sec while the average of all stream discharges actually sampled 
3 

was 0.027 m /sec, thus indicating a sampling bias towards higher discharge. 

All stream sampling was conducted manually since the automatic water 

sampling system available at each weir site was found to contaminate samples 

with metals. In addition, reliable determination of the fractionation of 

trace elements between dissolved and particulate phases required filtration 

immediately after sample collection and thus personnel had to be present. 
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Water samples were collected in meticulously cleaned polyethylene 

bottles. The bottle cleaning procedure consisted of a 16 hour leaching with 

2N HNO^ on a shaking device followed by triple rinsing with water from a 

Millipore Milli-Q water system, and finally an 8-16 hour leaching with 

Milli-Q water on the shaking device. In the field, bottles previously 

prepared as above were rinsed three times with streamwater just prior to 

filling with a sample. Two samples were collected simultaneously in the 

field, one in a 200 ml bottle and one in a 1 liter bottle. The contents of 

the smaller bottle, referred to hereafter as the "bulk" sample, received 

1 ml of concentrated Ultrex HNO^ (resulting in pH reduction to < 1.5) and 

was not processed further until spectrometry was begun. The contents of the 

larger bottle supplied aliquots for filtration, pH, DOC, POC, and other 

correlative parameters. 

The method of handling of samples during filtration proved to be 

critical if contamination or losses of trace elements were to be minimized. 

Pre-weighed Nuclepore filters (47 mm diameter, 0.4 ym pore size), used for 

the filtrations, were placed in a pyrex and teflon support apparatus 

attached to a vacuum filtration chamber (Fisher "Filtrator"). Approximately 

100 ml of Milli-Q water was passed through each filter followed by 500 ml of 

each water sample. This 600 ml rinse was discarded and a clean 200 ml 

polyethylene bottle placed in the filtrator as the receptor of the final 

200 ml of filtered streamwater. The filtrate, referred to hereafter as the 

"dissolved" sample, was acidified with 1 ml of Ultrex HNO^. 

Samples for trace metal analyses were typically stored in darkness at 

ca. 4°C for 30 days or more prior to quantitative analysis but never longer 

than six months. All metal concentrations were determined without 

preconcentration procedures by the method of standard additions using a 

Perkin-Elmer Model 503 Atomic Absorption Spectrophotometer fitted with a HGA 

2100 graphite furnace. Rigorously cleaned Eppendorf pipettes were used for 

all sample preparations and injection. Instrumental detection limits and 

procedural precision for the seven trace elements measured in this study are 

given in Table 1. Procedural precision is defined here as including both 
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Table 1. Detection limits for Perkin-Elmer model 503 
spectrophotometer with HGA 2100 furnace and 

procedural (analytical plus sampling) 
precision of trace element analysis 

Detection Limits Procedural Precision 

Given by From Lowest 
Bulk Samples1 Filtered Samples] 

Perkin-Elmer 
(yg/i) 

Experience 
(yg/i) 

Measured 
(yg/i) 

Jx
 "o> 

c.v. 

{*) 

X 
(pg/i) 

c.v. 

(*) 

Cd 0.003 0.005 0.006 0.014 14 0.030 47 

Pb 0.05 0.05 0.01 0.18 8 0.27 24 

Cr 0.1 0.01 0.03 0.23 2 0.70 4 

Cu 0.05 0.01 0.02 0.01 33 0.03 30 

Zn 0.001 0.05 0.06 0.15 19 0.31 20 

Mn 0.01 0.05 0.16 4.4 10 0.57 16 

Fe 0.05 0.05 0.21 6.2 6 0.40 13 

= 5 

stream sampling and analytical reproducibility. In general our detection 

limits using the method of standard additions were equal to or better than 

those given by the manufacturer although precision decreased as detection 

limits were approached. Better detection limits than those given by the 

manufacturer were sometimes (e.g., Pb) achievable under conditions of high 

instrument stability. Although replicate injection from the same sample was 

practiced routinely, high analytical costs and analytical workload precluded 

replicate stream sampling, except as an occasional cheek on overall 

precision in measuring stream concentrations (Table 1). These replicate 

samplings revealed that the filtering of samples produced a decrease in 

precision, an observation consistent with minor gains or losses of some 

trace elements during filtration but contrary to findings reported by Bewers 

et al. (1976) for seawater who reported higher precision on filtered 
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samples. For some metals (e.g., Pb, Cd, Cu, Cr) there was a high incidence 

of "dissolved" concentrations apparently exceeding bulk concentrations in 

the same’sample. On occasion, this situation arose because of analytical 

imprecision (when bulk and filtered metal concentrations were actually very 

similar) but often clearly indicated metal contamination during filtration. 

In all cases of anomalous "dissolved" concentrations only the bulk 

concentration was retained for data analysis. 

Analytical accuracy of trace element analyses are checked regularly 

using EPA and NBS reference standards diluted to appropriate concentration 

levels. Some results of such a check on analytical accuracy are given in 

Turner and Lindberg (1976). 

Results and Discussion 

Measurement of Walker Branch streamwater concentrations of selected 

trace elements during the study period provided considerable insight into 

(1) the physical-chemical forms of metals exported from WBW, (2) temporal 

variation in concentrations and exports, especially during storms and (3) 

estimation of total quantities of metals lost annually from the watershed 

via streamflow. Table 2 summarizes bulk and dissolved concentrations of 

Table 2. Arithmetic mean concentrations (yg/1) 
trace metals in the West Fork of Walker 

Branch between September 1975 
and August 1976 

Bulk Dissolved 
Mean ± S.D. TNT Mean ± S.D. (N) 

Cd 0.03 0.02 (89) 0.03 0.01 (52) 
Cu 0.10 0.08 (69) 0.09 0.06 (29) 
Cr 0.13 0.10 (67) 0.13 0.15 (46) 
Mn 14.4 26.6 (88) 1.39 1.10 (86) 
Pb 0.35 0.23 (89) 0.25 0.17 (44) 
Zn 1.68 2.78 (89) 0.33 0.34 (70) 
Fe 17.7 29.1 (77) 1.21 1.83 (76) 
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trace metals observed during the study period. Significant features of this 

summary include (1) the very low concentrations of all metals, (2) the high 

variability in both bulk and dissolved concentrations, (3) the predominance 

of Cd, Cu, Cr, and Pb in dissolved form, and (4) the apparent occurrence of 

Fe, Mn and Zn mainly in particulate (bulk minus dissolved) form. 

The observation of very low concentrations of these trace metals in 

Walker Branch streams is consistent with the relatively undisturbed 

condition of this catchment, the unmineralized nature of its soils and 

bedrock (Carroll 1961) and the low suspended load (typically <5 mg/1) of the 

streams. In addition, the relatively high pH (geometric average = 7.9) and 

oxygenated condition of Walker Branch streamwater imply low solubility of 

most naturally occurring solid phases (oxides, carbonates, hydroxides) of 

these metals if only theoretical mineral equilibria are considered (Jenne 

1968; Hem 1972; Hem and Durum 1973; Durum 1974; Leckie and James 1974; Hem 

1976). 

Although most of the variability in bulk concentrations of metals which 

occurred in streamwater primarily in particulate form (Mn, Fe, Zn) can 

likely be explained by variations in the total suspended load of the stream, 

variability in dissolved concentrations is not accounted for as easily. 

Certainly some of this variability in dissolved concentrations is a result 

of poor analytical precision for those metals occurring at concentrations 

approaching instrumental detection limits. In this category, Cd, Cu, and 

perhaps Pb were measured in dissolved form with relatively poor precision 

(C.V. > 20%, Table 1) and thus some of their apparent natural variability 

may be suspect. 

One natural covariate which could explain variability in dissolved, as 

well as bulk, concentrations is stream discharge which is controlled by 

variable rates of water movement into the stream channel via diverse 

pathways (incident precipitation, throughfall, overland flow, and 

baseflow). Simple correlation coefficients between instantaneous stream 

discharge and trace element concentration (Table 3) revealed that 
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Table 3. Simple correlation coefficients between stream 
discharge and trace metal concentrations 

West Fork East Fork 
Particulate Dissolved Particulate Dissolved 

Cd 0.43*** NS NS NS 
Cu NS NS — — 

Cr 0.29* -0.30* — — 

Mn 0.46*** NS 0.94*** 0.46* 
Pb 0.55*** -0.47*** 0.44* -0.44* 
Zn NS 0.36*** NS 0.67*** 
Fe 0.72*** NS 0.97** NS 

* Significance, P - 0.05 
** Significance, P - 0.01 

*** Significance, P - 0.001 

particulate Cd, Cr, Mn, Pb, and Fe, and dissolved Zn and Mn (Mn on East Fork 

only), were positively correlated with stream discharge, and that dissolved 

Cr and Pb were inversely correlated with stream discharge. 

That none of the correlation coefficients between concentration and 

discharge (Table 3) were especially high, except for particulate Fe and Mn, 

suggested that stream discharge was not the only natural variable 

controlling concentrations of trace elements. Studies by others (e.g., 

Hendrickson and Krieger 1964; Gunnerson 196?) on major constituents of 

streamwater have pointed to the significance of storm hydrograph effects 

(concentration hysteresis, whereby constituent concentrations are higher or 

lower on rising limb of storm hydrographs than at equivalent discharge on 

the falling limb) and season as factors accounting for concentration 

variations. Our detailed sampling of storms has provided some insight into 

the influence of storm hydrograph effects on trace element concentrations. 

Figs. 1, 2, and 3 show selected storm hydrographs and temporal variations in 
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Fig. 1. Time distribution of dissolved organic carbon (DOC) 

concentration, suspended matter (SS) concentration and streamflow during 

storm of March 29, 1976, on the west fork of Walker Branch Watershed. 
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Fig. 2. Time distribution of total and dissolved manganese 

concentration and streamflow during storm of March 29, 1976, on the west 

fork of Walker Branch Watershed. 
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Fig. 3. Time distribution of total and dissolved chromium concentration 

and streamflow during storm of March 29, 1976, on the west fork of Walker 

Branch Watershed. 

671 

W
E

S
T
 

S
T

R
E

A
M

F
L

O
W
 

(m
3
/s

e
c
)

 



some constituent concentrations during these storms. Bulk concentrations of 

most trace elements increase sharply with increases in discharge (direct 

channel interception of precipitation) which often precede the major rise in 

stream discharge. The early peak in discharge and the rising portion of the 

main storm hydrograph are characterized by high suspended matter 

concentrations (Fig. 1), higher than occur at equivalent discharges on the 

falling limb of the storm hydrograph (hysteresis effect). The occurrence of 

the highest particulate (bulk minus dissolved) metal concentration 

coincident with these high suspended matter concentrations is consistent 

with significant contributions of metals from stream suspended matter. 

The behavior of chromium during the storm of January 26, 1976 (Fig. 3) 

illustrates both a hysteresis effect in particulate concentration and a 

dilution effect in dissolved concentration. Higher dissolved concentrations 

of some trace metals, especially Mn, Zn, Cu and Fe, during early storm peaks 

in discharge (direct channel interception) and on the rising limb of storm 

hydrographs appear to be related to early flushing of soluble metals from 

watershed surfaces (e.g., canopy, streamside litter and debris). Since 

these dissolved metal concentrations are also correlated (Cu = 0.53, 

Mn = 0.32, Zn = 0.34 and Fe = 0.28) positively with dissolved organic 

carbon, we may tentatively conclude that some fraction of the dissolved 

burden of these metals is bound in soluble organic matter. Limited 

sequential sampling of precipitation leachate from streamside litter for 

trace element and DOC content revealed much higher concentrations of some 

metals, especially Mn and Zn, and of DOC in the early flush samples than in 

subsequent samples. Obviously some fraction of these metals and of the DOC 

are derived from incident precipitation and throughfall which also would 

likely contain higher concentrations in the early flush. 

Since particulate concentrations of Cd, Cr, Mn, Pb and Fe tended to 

increase with increasing stream discharge (Table 3, Figs. 2 and 3), some 

factors regulating the trace element composition of stream suspended matter 

should be examined. The organic carbon content of stream suspended matter 

(measured as POC), the trace metal content of WBW soils, litter, hydrous 

Fe-Mn coatings on streambed rocks, and observed trace element associations 

in stream suspended matter are all factors influencing the trace metal 

composition of stream suspended matter. The concentration of particulate 

organic carbon (POC) in the West Fork of WBW averaged 0.40 mg/1 and ranged 
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from 0.03 to 2.90 mg/1. POC was also positively correlated (r = 0.54, 

P > 0.001) with stream suspended matter concentration. In general, a 

somewhat larger fraction of the total stream suspended load was composed of 

inorganic material during peak storm discharge than at other times. Metal 

concentrations on the suspended matter (yg/g dry weight) were significantly 

(P >0.005) correlated (Cd = 0.94, Cu = 0.98, Zn - 0.74, Pb = 0.70, 

Mn = 0.72, Fe = 0.51, Cr = 0.39) with percent organic carbon in suspended 

matter, suggesting association of a sizable fraction of the trace metal 

burden of stream suspended matter with particulate organic carbon. 

Table 4 compares the average trace metal composition of stream suspended 

Table 4. Trace metal contents of stream suspended matter 
and of some possible components of 

stream suspended matter. 

Stream 
Suspended 
Matter 
(yg/g) 

Streambed 
Rock 

Coatings 
(yg/g) 

WBW 
Soils 

(yg/g) 

01 
Litter 

(yg/g) 

Cd 8.8 60. 0.121 0.521 
Cu 81.2 44. — — 
Cr 7.9 112. — — 
Mn 2260. (12.6%) 400.2 1800.3 
Pb 91.5 172. 8.61 28.51 
Zn 730 2860. 12.81 51.01 
Fe 2620. (49.6%) 1200.2 265.3 

TData from Van Hook et al. 
2Data from Fortesque et al. 
3Data from Gosz et al. 

matter with the trace metal composition of WBW soils, hydrous Fe-Mn coatings 

on streambed rocks, and 01 litter, all of which are possible components of, 

or contributors to, stream suspended matter. It is clear that soils and 01 

litter cannot completely account for the Cd, Mn, Pb, Zn, or Fe content of 

stream suspended matter. However, two processes operative within the 

fluvial environment (one mechanical and one chemical) can modify the trace 

metal composition of these "source" materials. These are (1) hydraulic 

sorting of litter, soils, and sediments during fluvial erosion and transport 

such that the smallest, highest surface area, and highest metal content 
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particles (Oliver 1973) are preferentially eroded and transported by the 

stream, and (2) the deposition of hydrous Fe-Mn oxides and their associated 

trace metals (Jenne 1968) on particle surfaces within the high pH and 

oxidizing fluvial environment. Without trace metal analyses on individual 

size fractions of soils, litter, and stream suspended matter such as was 

done by Whitney (1975) we cannot evaluate the influence of fluvial sorting 

of soils and litter on the trace metal composition of the stream suspended 

matter. However, such fluvial sorting likely results in enrichment of trace 

metals in the suspended phase during periods of low stream discharge when 

this phase is composed mostly of particles which are relatively smaller and 

more organic-rich than during storm discharge. Measured concentrations of 

trace metals in hydrous Fe-Mn oxide coatings on larger streambed rocks from 

WBW (Table 4) revealed high concentrations of trace metals, especially Cd, 

Cr, Pb and Zn relative to those found in soils, litter and bulk stream 

suspended matter supporting the findings of many others (e.g., Jenne 1968; 

Gibbs 1973) that hydrous Fe-Mn oxide coatings on particles are very 

important carriers (scavengers) of trace metals. 

The enrichment of most trace metals in hydrous Fe-Mn oxide coatings on 

streambed rocks from WBW over soils, litter and bulk stream suspended matter 

suggests major importance of those coatings in the streamflow export of 

metals in particulate form. Further proof of this can be found by comparing 

trace metal associations in bulk stream suspended matter (Table 5). 

Table 5. Interelement correlation matrix (P-0.01) for metal concen¬ 
trations on stream suspended matter (yg/g), West Fork of 

Walker Branch Watershed. Concentrations on suspended 
matter calculated as [Metal]ss = ([MetalJ^gtal “ 

[Metal]disso1ved)/[Suspended Matter] 

Cd Cu Cr Zn Pb Mn Fe 

Cd 
Cu 0.99 
Cr NS1 NS 
Zn 0.97 0.99 NS 
Pb 0.86 0.99 NS 0.77 
Mn 0.80 0.88 NS 0.81 0.56 
Fe 0.80 0.85 NS NS NS 0.37 

INS = Not Significant. 
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Because of other confounding interelement correlations, the simple 

statistical approach represented in Table 5 does not isolate the fraction of 

total variability of a given metal concentration attributable to variability 

in the manganese and/or iron content of stream suspended matter. However, 

the approach is suggestive by virtue of the absence or weakness of some 

correlations. For example, (1) Cr is not correlated with either Fe or Mn, 

(2) Zn and Pb are correlated with Mn but not Fe, (3) Mn and Fe are only 

poorly correlated with each other, and (4) Cd and Cu are strongly correlated 

with both Fe and Mn. The poor correlation between Fe and Mn suggests that 

Fe and Mn do not necessarily occur in the same solid phase. This is 

consistent with findings by Schwertmann and Fanning (1976) and others. 

Given the possibility of separate solid phases of Fe and Mn and reports 

(although conflicting) by others (e.g., Chao and Anderson 1974) of 

preferential scavenging of some metals by each phase, the differences in 

apparent metal associations are not surprising. Since the rock coatings are 

composed primarily of Fe (49.6% by weight), one might anticipate finding 

associations of those trace metals which have been reported by others to be 

preferentially scavenged by hydrous Fe oxides. For example, Suarez and 

Langmuir (1976) found no demonstrable association of Zn and Cu with iron 

oxides in a Pennsylvania soil but a strong association of these metals with 

Mn oxides. Our finding of no association of Zn with Fe in WBW stream 

suspended matter is thus in agreement with that of Suarez and Longmuir 

concerning Zn, but not that concerning Cu which appears to be strongly 

associated with both Fe and Mn in our study. The high correlations between 

most trace metals (especially Cd and Cu) in stream suspended matter and 

percent organic carbon content of stream suspended matter, as noted earlier, 

obviously make it impossible to resolve unambiguously the relative 

importance of organic solids versus hydrous Fe-Mn oxides as carriers 

(scavengers) of trace metals in WBW streams. Both are obviously important 

and only a more specific approach than we have taken to date can resolve the 

issue. 

Streamflow Export of Trace Metals 

Annual streamflow export of each trace metal (Table 6) was calculated 
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Table 6. Comparative annual exports (g/ha) of trace 
metals from some drainage basins. 

Basin Cd Cr Cu Pb Zn Mn Fe Reference 

Walker Branch 0.15 0.49 0.69 2.22 12.4 193 316 This Study 
Stockley Br. 18.1 — 17.1 49.4 — — — Biggs et al. 
Beaverdam Cr. 20.0 — — 47.0 — — — Biggs et al. 
Sowbridge 8.2 — 13.1 24.6 — — — Biggs et al. 
Marshyhope Cr. 5.8 — 14.0 17.6 — — — Biggs et al. 
Beaverdam Br. 12.1 — 15.8 36.3 — — — Biggs et al. 
Murderkill R. 7.7 — 19.9 36.3 — — — Biggs et al. 
Blackbird Cr. 8.7 — 25.1 27.6 — — — Biggs et al. 
White Clay Cr. 0.60 25.4 20.1 Biggs et al. 

using discharge-weighted mean metal concentrations and total streamflow 

volume for the study period, September 1975 - August 1976, during which 

concentrations were measured. Since there was some sampling bias towards 

higher stream discharges, as indicated earlier, and since reliable data 

exist for only one annual period, the metal exports should be considered 

only as best estimates and not as annual averages. 

The relative order of increasing exports (CcH-Fe) is, as might be 

predicted, approximately similar to the relative order of abundance of these 

metals in North American sedimentary rocks and soils (Vinogradov, 1959). 

More detailed data on the specific trace metal composition of WBW rocks, 

soils, litter and vegetation, and the relative importance of each of these 

sources of streamwater trace metals, will be required before any source 

order of abundance relationship to order of export can be demonstrated. 
2 

Comparative trace metal export data for small (<100 km ) drainage 

basins without significant anthropogenic sources of trace metals is 

extremely rare. Undoubtedly more such data exist than have been published 

to date. A research progress report by Biggs et al. (1973) presented data 

on annual exports of Cd, Cu and Pb from eight watersheds in Delaware, 
2 

ranging in size from 7.3 to 173 km and without large artificial sources 

of trace metals. These exports (Table 6) were considerably higher than our 

measured exports of the same metals. In the absence of any other 

comparative data it is difficult to reconcile these large differences except 
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by reference to the undisturbed nature of WBW compared to the Delaware 

watersheds which apparently contained roads and agricultural activity. 

Summary 

Streamwater concentrations (bulk and dissolved) of seven trace metals - 

Cd, Cu, Cr, Pb, Zn, Mn and Fe - measured weekly or more often (during 

storms) over an annual period on Walker Branch Watershed were quite low, in 

keeping with the undisturbed condition of this deciduous forested 

watershed. Variability in particulate (bulk minus dissolved) concentrations 

(yg/1) of all trace metals was attributed primarily to variability in the 

total suspended matter load of the streams. Sources of variability in 

dissolved concentrations were more complex but stream discharge and related 

hydrologic variables appeared to be important factors. Dissolved Zn and Mn 

generally increased in concentration as streamflow increased, while 

dissolved Cr and Pb generally decreased. Concentrations of dissolved Cr and 

Mn exhibited hysteresis during stormflow, concentrations being higher on the 

rising limb of storm hydrographs than at equivalent discharges on the 

falling limb. Sharp increases in dissolved concentrations of some trace 

metals, especially Mn, Zn, Cu and Fe, during early storm peaks in stream 

discharge (in response to direct channel interception of rainfall) and on 

the rising limbs of storm hydrographs appeared to be related to early 

flushing of soluble metals from watershed surfaces. Since dissolved 

concentrations of these same metals are also somewhat correlated with 

dissolved organic carbon, which behaves in a parallel manner during early 

stormflow, it appeared that significant fractions of the dissolved burden of 

these metals are bound in soluble organic matter. 

Stream suspended matter metal concentrations (yg/g) were significantly 

correlated positively with the percent organic carbon content of stream 

suspended matter suggesting association of a sizable fraction of the trace 

metal burden of suspended matter with particulate organic matter. Hydrous 

Fe-Mn oxide coatings on stream particulate matter also appeared to be 

important carriers of some trace metals although no clear distinction 

between organic matter-associated and hydrous Fe-Mn oxide coating-associated 

metals could be made. 
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The annual streamflow exports of Cd, Cr, Cu, Pb, Zn, Mn and Fe were 

respectively 0.15, 0.49, 0.69, 2.22, 12.4, 193, and 316 g/hectare, the order 

of increasing export (Cd < Cr < Cu < Pb < Zn < Mn < Fe) being approximately 

similar to the probable order of abundance of these trace metals in the 

soils and rocks of this watershed. 
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DISCUSSION 

Beyerlein: On the hydrograph you showed you had an initial first peak which is quite 

small and then a major one. Do you think you would have gotten that hysteresis effect 

on your trace elements if you would not have had that first peak? 

Turner: If you remember the concentration variation chromium. The concentrations of 

chromium in both dissolved and especially in particulate form were higher on the rising 

limb than they were on the falling limb at equivalent discharge. It's not just associated 

with channel interception. Both the channel interception and that rising limb are 

apparently being affected by flushing of litter in the stream bed and litter near the 

stream bank and possibly source areas. 

Henderson: I think we would be amiss if we didn’t point out that the particular storm 

that you sampled had a maximum flow rate of something less than two-tenths of a cubic 

meter per second. Whereas the one that I showed earlier ranged up to about .7 or .8 

cubic meters per second. Indeed in the first part of the storm that I showed in the 

range of up to .2 the hysteresis type of effect was similar. 
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LAND UTILIZATION AND METALS DISCHARGE 

FROM THE RHODE RIVER WATERSHED 

Tung L. Wu and Michael T. Hoopes 

Chesapeake Bay Center for Environmental Studies 

Smithsonian Institution 

Route 4, Box 622 

Edgewater, Maryland 21037 

Abstract - Volume-integrated samples from seven subwatershed basins of the Rhode 

River during 1975 were analyzed weekly for their heavy metals content. The yearly 

metals discharge per hectare for iron, manganese, zinc, chromium, cadmium, copper, 

and lead were calculated, and were found to vary for each basin and each metal. 

Generally, metals discharge decreases in the order of Fe, Mn, Zn, Cr, Pb, Cu, and Cd. 

A statistical model was employed to calculate the area yield loading rates of these 

heavy metals for the three different categories of land utilization in the Rhode River 

watershed, pasture, forest, and cultivated fields, on a seasonal basis. During the 

summer of 1975, pasture had the highest loading rate for most metals, while cultivated 

land showed the highest loading rate during the fall season of 1975 for Fe, Mn and Zn. 

The discharge of Cr, Fe, Zn, and Pb was found to increase on a seasonal basis from 

winter through summer and then decrease in the fall, while the Mn and Cu discharge 

matched the water discharge, and Cd was found to have a reverse relationship to water 

discharge. In addition, analysis of suspended particles versus the metals concentration 

indicated that only Fe is transported primarily in particulate form. 
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INTRODUCTION 

The concentration of heavy metals in runoff waters and the discharge of heavy 

metals from watershed basins have been under intensive investigation in various parts of 

the United States (Fulkerson, 1974; Kopp, 1970; Andelman, 1973). The concentrations of 

heavy metals and their variation in raw water supplies are of prime importance 

(Sharpiro, 1967). The discharge of metals to the receiving waters is of great concern 

because of its possible ecological effects on the environment. 

The Rhode River watershed consists of 3,332 hectares, which drains through many 

stream channels into the Rhode River estuary. The Rhode River has a surface area of 

approximately 430 hectares and a mean depth of two meters. The detailed description 

of the watershed and the monitoring stations were described elsewhere (Correll, this 

volume). It is a small part of the Atlantic coastal plain, and it is located in the 

temporate zone. The soils of the Rhode River watershed are generally silty clays. 

Major soil minerals include montmorillonite, illite, kaolinite, quartz, and potassium 

feldspar (Pierce, 1974). Slopes vary widely over the area, but the average slope in each 

basin is about the same, and about 5 percent (Correll, this volume). The study area is in 

a rural setting, with two major cities, Baltimore and Washington, both about 50 

kilometers away, and no major coal or fuel oil combustion plants nor any metal 

manufacturing plants any closer. 

Study of metals discharge was initiated during the last part of 1974. A series of V- 

notch weir monitoring stations were already in operation. It had been well established 

that due to a wide range of changes in concentration in drainage channels only volume- 

integrated samples should be used for metals discharge studies. The changes are caused 

by the change in driving forces such as rainfall, temperature, and other environmental 

factors which cause variations in the drainage process. 

MATERIALS AND METHODS 

The volume-integrated samples from each V-notched weir monitoring station were 

composited over one week time intervals. The hydrological data such as discharge rates 

and volumes were monitored and recorded along with meterological information such as 

rainfall. 

Five hundred ml of volume-integrated weir sample was digested in a 650 ml 

Kjeldahl flask with 5 ml of concentrated nitric acid. The content of the macro Kjeldahl 
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flask was boiled down to about 10 ml and was accurately measured. The solution was 

stored under refrigeration and analyzed with a Jarrel Ash 82-500 atomic absorption 

spectrophotometer for heavy metals. 

Precipitation samples were collected into a glass bottle with a large funnel at an 

elevation of 17 m and used as such. One set of soil samples were collected from a forest 

site of the Rhode River watershed. It represents the least disturbed soil within the 

watershed and will be used to compare with the analytical results from discharge 

samples. The soil cores were divided into surface litter and segments (0-3, 3-5, 5-8 8- 

12, 12-18, 18-24, 24-30cm) (Correll, 1974). Composited segments were oven dried at 

60° C, ground and sieved through an 800 urn plastic sieve, one gram of the dry soil was 

then boiled consecutively with 5 ml of concentrated nitric acid and 5 ml of distilled 

water. The contents were made to 10 ml with distilled water. The solution was then 

analyzed by atomic absorption. 

RESULTS AND DISCUSSION 

The metals concentrations in weekly volume-integrated weir samples were 

reported elsewhere (Wu, 1975). Table 1 is the flow-weighted monthly mean of the metals 

concentration in stream channels that discharge into the Rhode River estuary. The 

metals studied include iron (Fe), manganese (Mn), zinc (Zn), chromium (Cr), cadmium 

(Cd), copper (Cu), and lead (Pb). Metals concentrations for different watershed basins 

during different months are reported from December 1974 to December 1975. 

Yearly average values for flow-weighted metals concentration from the seven 

subwatershed basins are reported in Table 2. The metals concentration of the discharge 

waters in all of the Rhode River basins studied appear to decrease generally in the order 
4 

of Fe, Mn, Cr, Pb, Cu, and Cd. The highest Fe concentration is about 10 fold higher 

than the lowest concentration of Cd. Table 2 includes values of metals concentrations 

reported from other study areas. The metals concentration from our study seem to 

indicate that when compared with average values of U. S. river and stream channel 

discharge, Fe and Mn are discharged at higher levels, while Zn, Cu, and Pb are 

discharged at lower levels from the Rhode River watershed. Fe and Mn are more likely 

to be derived from nature, while metals like Cd, Cr, Pb, and Zn are more toxic and are 

more likely to be anthropogenic. The possibility that more severe soil erosion might be 

occurring at the Rhode River watershed basin is worthy of further investigation. 

Table 3 summarizes the yearly mass loading per hectare from seven basins of the 
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Table 1. Metals Concentration in Stream Channels of 

Rhode River Watershed (ug/1) 

Weir 

Year-Month 101 102 103 105 106 107 108 

1974 - 12 1618 1328 

Fe 

742 1747 1720 

1975 - 1 803 721 883 813 851 3821 558 

1975 - 2 933 626 1212 626 722 3305 393 

1975 - 3 10996 3105 3077 3653 4319 4302 1621 

1975 - 4 1458 478 331 462 772 2303 425 

1975 - 5 2329 658 1155 980 3015 4631 1450 

1975 - 6 4878 6641 9652 4673 7301 21525 6958 

1975 - 7 19974 5702 6863 7842 25558 9291 6557 

1975 - 8 6727 4429 3175 6428 10298 8868 5322 

1975 - 9 5165 3899 6144 4967 9945 2480* 3917 

1975 - 10 1261 1667 1049 1539 1845 764* 8097 

1975 - 11 1318 2106 1245 939 2406 766* 4226 

1975 - 12 1224 3904 1587 1161 1841 995* 2237 

1974 - 12 173 150 

Mn 

108 165 223 

1975 - 1 154 132 121 148 199 142 167 

1975 - 2 127 80 88 96 186 169 158 

1975 - 3 200 122 129 164 253 158 103 

1975 - 4 92 87 40 124 101 106 80 

1975 - 5 117 139 73 111 257 89 104 

1975 - 6 104 420 153 165 273 47 128 

1975 - 7 81 84 72 42 301 92 56 

1975 - 8 88 61 61 123 79 93 67 

1975 - 9 120 120 152 126 169 30* 108 

1975 - 10 88 103 123 183 164 122* 630 

1975 - 11 75 114 118 155 154 86* 128 

1975 - 12 111 259 156 168 178 119* 181 

686 



Table 1 - continued 

Weir 

Year-Month 101 102 103 105 106 107 108 

1974 - 12 17.06 52.51 

Zn 

23.78 9.59 36.39 

1975 - 1 13.77 12.17 15.15 18.17 12.91 16.20 23.37 

1975 - 2 9.65 10.46 10.62 13.26 11.96 10.55 14.41 

1975 - 3 29.11 15.97 17.76 14.65 30.87 25.42 20.30 

1975 - 4 8.73 10.20 5.68 7.79 6.05 12.45 11.95 

1975 - 5 5.49 5.91 5.11 6.17 5.79 14.36 9.27 

1975 - 6 20.40 31.54 42.72 10.46 23.99 88.48 21.84 

1975 - 7 116.29 48.76 46.37 51.74 137.08 51.14 41.50 

1975 - 8 59.81 41.37 23.96 46.18 61.44 63.42 27.17 

1975 - 9 31.19 19.66 22.93 20.73 32.45 47.90* 15.65 

1975 - 10 17.98 18.14 11.30 35.59 13.32 14.00* 12.07 

1975 - 11 9.72 4.92 8.49 8.58 11.22 12.00* 10.25 

1975 - 12 51.73 23.52 23.60 14.52 21.45 17.00* 23.13 

1974 - 12 3.83 4.19 

Cr 

1.82 7.83 4.00 

1975 - 1 0.86 0.49 0.86 3.29 0.90 11.59 0.54 

1975 - 2 2.19 2.72 1.52 1.76 5.12 13.93 0.56 

1975 - 3 15.98 23.11 9.78 21.67 11.29 15.08 16.43 

1975 - 4 1.08 31.24 4.78 4.90 0.72 2.44 1.56 

1975 - 5 2.63 0 25.66 3.09 2.72 4.75 20.19 

1975 - 6 35.79 28.26 27.09 3.23 10.33 61.65 37.59 

1975 - 7 56.48 20.79 18.19 36.43 83.73 31.61 43.46 

1975 - 8 32.37 30.85 22.41 14.81 70.97 47.01 12.03 

1975 - 9 27.43 24.62 27.83 11.51 63.19 9.91* 14.52 

1975 - 10 41.15 1.92 0 14.35 7.40 1.6* 10.04 

1975 - 11 0 0 0 0 4.67 0* 8.85 

1975 - 12 0 0 4.98 3.05 0 0* 0 
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Table 1 - continued 

Weir 

Year-Month 101 102 103 105 106 107 108 

Cd 

1974 - 12 1.15 0.76 1.16 — — 0.80 1.13 

1975 - 1 0.30 1.54 0.58 0.26 0.21 0.23 1.57 

1975 - 2 1.53 0.35 0 0 0 0 0 

1975 - 3 0 0 0 0 0 0 0 

1975 - 4 0 0 0 0 0 0 0 

1975 - 5 0 0 0 0 0 0 0 

1975 - 6 1.19 1.56 2.25 0.94 1.18 2.73 1.35 

1975 - 7 3.84 2.17 2.50 1.61 3.10 1.82 1.94 

1975 - 8 2.45 1.69 2.12 2.85 2.66 2.91 2.28 

1975 - 9 0.35 0.25 0.18 0.17 0.27 1.96* 0.16 

1975 - 10 0.37 0.47 0.26 1.21 0 0* 0.22 

1975 - 11 0.32 0.64 0.85 0.65 0.74 0* 0.29 

1975 - 12 0.82 0 0 0 1.07 0* 0 

Cu 

1974 - 12 1.35 6.64 2.13 —_ — 1.28 3.25 

1975 - 1 0.43 1.18 0.56 0.91 0.35 1.65 0.43 

1975 - 2 0 1.52 0 0 0 0 2.71 

1975 - 3 6.80 5.46 4.56 5.24 6.91 5.06 5.23 

1975 - 4 2.04 2.14 1.94 1.03 3.13 2.70 2.55 

1975 - 5 0 0 0 0 0 0 0 

1975 - 6 0 2.42 4.93 0 1.29 9.00 0.59 

1975 - 7 6.90 0 1.70 2.10 8.84 4.02 1.83 

1975 - 8 1.59 1.44 0 2.19 3.43 4.02 0 

1975 - 9 8.72 0 6.42 6.18 9.27 0* 0 

1975 - 10 2.32 0.52 4.07 2.59 1.45 2.5* 1.49 

1975 - 11 3.14 5.27 2.59 3.08 3.91 2.6* 2.30 

1975 - 12 3.79 2.50 3.14 3.80 4.81 1.9* 2.37 
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Table 1 - continued 

Weir 

Year-Month 101 102 103 105 106 107 108 

1974 - 12 

Pb 

1975 - 1 0 0 0 0 0 0 0 

1975 - 2 0 0 0 0 0 0 0 

1975 - 3 0 0 0 0 0 0 0 

1975 - 4 0 0 0 0 0 0 0 

1975 - 5 0 0 0 0 0 0 0 

1975 - 6 1.15 .91 12.52 1.52 8.11 58.17 1.99 

1975 - 7 3.14 .56 11.64 3.82 15.52 12.96 11.37 

1975 - 8 18.06 13.56 4.33 3.82 23.76 27.08 11.80 

1975 - 9 58.78 45.91 43.14 41.43 35.56 15* * 50.50 

1975 - 10 33.24 32.32 45.88 36.56 29.08 41* 24.67 

1975 - 11 21.66 28.16 35.50 19.46 35.17 16* 39.81 

1975 - 12 4.16 8.00 7.55 2.90 10.46 21* 7.69 

- no data 

0 below detection limit 

* spot sample was used 
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Table 2. Comparison of metals concentration in water discharged from the 

Rhode River Basins with other study areas - Flow-weighted yearly average values 

Metal (ug/1) 

Location Fe Mn Zn Cr Cd Cu Pb 

RRW - 101 5470 122 29 19 0.7 3.6 15* 

RRW - 102 2573 116 20 14 0.7 1.9 12 

RRW - 103 2933 105 18 13 0.6 2.8 15 

RRW - 105 3043* 129* 21* 13* 0.5* 2.9* 12* 

RRW - 106 6853* 210* 34* 27* 0.6* 4.3* 14* 

RRW - 107 5293+ 126+ 26+ 16+ 0.5+ 2.7+ 4.9+ 

RRW - 108 3692 168 19 16 0.6 1.6 17 

Minnesota 

(Verry, 1975) 

1350 60 80 — — 40 50 

Northeast U. S. 

(Kopp, 1970) 

_ 96 15 17 

Southeast U. S. 

(Beck, 1973) 

80 - 1500 io -: 170 - " " ““ * 

Lake Erie 

(Kopp, 1970) 

— — 205 — — 11 39 

U. S. 

(Kopp, 1970) 

64 15 23 

Ave. River 

(Riley, 1971) 

670 5 10 1 — 5 3 

Ocean (35% 

(Riley, 1971) 

3 2 5 0.6 0.5 3 o
 

C
O

 

♦Based on 11 months data (January, 1975 to November, 1975) 

+Weir broken during October and November, 1975 
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Table 3. Yearly Metals Mass loading from the Seven Basins of the 

Rhode River watershed (g/ha) 

Weir Fe Mn Zn Cr Cd Cu Pb 

101 19,613 439 105 69 2.7 13 49* 

102 10,153 460 78 57 2.5 7.6 48* 

103 9,669 346 59 43 1.9 9.2 48* 

105 11,437* 486* 
* oo 

* oo 1.7* 11* 47* 

106 24,997* 756* 124* 97* 2.2* 16* 52* 

107 15,789+ 369+ 78+ 47+ 1.5+ 8.2+ 14+ 

108 15,799 716 81 68 2.5 6.6 75* 

♦Based on 11 

+Based on 10 

months (January to November, 1975) 

months (Weir broken October and November, 1975) 
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FIG.I SEASONAL DISCHARGE RATE of METALS 
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Table 4. 1975 Mean Seasonal Area Yield Loading Rates of Three Land Use 

Categories on the Rhode River watershed (g/ha - season) 

Fe Mn Zn Cd Cr Cu Pb 

WINTER 

Cultivated -67 250 27 0.55 -0.92 1.99 0 

Pasture 388 30 4.6 -0.11 2.72 - 0.77 0 

Forest 447 31 5.5 0.04 0.09 0.14 0 

SPRING 

Cultivated -4930 46 15 0 45 2.3 0 

Pasture 6840 290 29 0 -16 5.4 0 

Forest 3440 147 14 0 16 3.7 0 

SUMMER 

Cultivated 950 68 - 27 1.0 51 - 3.8 -7.6 

Pasture 14,700 163 10 3.8 39 3.0 15.3 

Forest 3,200 23 6 0.8 6 1.6 2.8 

FALL 

Cultivated 7,520 325 33 0.33 20 - 1.8 166 

Pasture 4,200 33 28 - 0.02 54 11.9 21 

Forest 2,700 141 15 0.57 4 6.6 39 
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Rhode River watershed. The sizes of these seven basins varies from 28.2 hectares of 

weir 107 to 253.6 hectares for weir 103 (Correll, this volume). The land utilization type 

within each drainage basin varied from Steinlein Branch (weir 108) which has about 4] % 

of the cultivated land, to that of Williamson Branch (weir 103) which has 74% forest. 

The metals loading seems to vary from basin to basin, although the extent of variation 

is different for each metal. It is known that metals discharge depends on such factors 

as amount of rainfall and its intensity, land use, the metals concentration in rainfall, 

the slope of the land surface, the texture of the soil, the soil moisture, the soil pH, the 

rainfall pH, etc. However, if we assume that the meterologieal factors are equal for 

each basin within the Rhode River watershed and that soil texture and soil environment 

does not vary greatly from one basin to another within the Rhode River watershed; and 

if we assume that changes such as the following are due to the land utilization type, (1) 

canopy interception of rainfall will change the metals concentration and physical 

impact on the soil, (2) Shade condition of land utilization that will change soil 

temperature and soil moisture under similar weather condition, and (3) Absorption and 

uptake of metals than are different for different plant types; then the only important 

factors affecting metals discharge are slope and land utilization type of each basin. 

The average slope of each basin varies from 3.4% for Steinlein (weir 108) to 9.1% for 

North Selim an (weir 105). It is believed that while the slope of land may have some 

effects on metals discharge, the most important factor effecting metals discharge 

might be that of land utilization type. 

Assuming that land utilization is the only important factor, metals discharge can 

be expressed in area yield loading rates for each major land utilization type, the area 

yield loading rate of each major land utilization type can be determined with a 

statistical model (Chirlin and Correll, this volume; Correll, 1975). The seasonal area 

yield loadings of the seven metals studied are reported in Table 4. The four seasons in 

1975 are (1) Winter: December of 1974. January, February of 1975, (2) Spring: March, 

April, and May, (3) Summer: June, July, and August, (4) Fall: September, October, and 

November. 

Cultivated lands seem to have the highest area yield loading of metals in the Fall 

season with the exception of Cu. The high area yield rate of Pb from cultivated land in 

Fall, and from pasture land in summer should be noted. Gasoline consumption is 

generally believed to be linked with Pb input and discharge. Pasture seems to have the 

highest area yield rate of all of the seven metals in summer: The 1975 rainfall record of 

the Rhode River showed that rainfall was highest in the summer of 1975. In comparison 
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with the other land use types (forest and cropland), in the summer season, pasture 

probably has the least capacity to retain rain water and its metals constituents. 

Therefore, metals are discharged from pasture land without too much delay. Forest 

showed the least variation of area yield loading during the four seasons. In an effort to 

determine the possible sources of the metals discharge in stream channels of the Rhode 

River watershed, metals concentration in the rainfall and in the soil of an undisturbed 

forest site of the Rhode River watershed were analyzed. The results of these 

determinations are reported in Table 5 and Table 6. It appears that Mn, Cr. and Zn are 

higher in the 1975 rainfall of the Rhode River watershed, while Cu, Cd, and Pb 

concentrations are lower than the average values reported in stream waters. The soil 

samples from the Rhode River watershed generally showed a lower content of all the 

seven metals studied. 

In order to determine the possibility of man-made contamination in the soil, 

rainfall, and in the water, the conventional technique of relative enrichment factor has 

been employed. The technique uses as a reference element which is known or suspected 

to be of natural origin. Andren and Lindberg (1975) used Mn as a reference element for 

their rainfall samples, Cs for dryfall deposits. Other elements, such as A1 (Zoller, 1974), 

Ce, Eu, Lu, and Hf (Bolton, 1974) and Cr (Andren, 1975) have also been used for soil and 

water, and Ce for rainfall and dryfall samples (Andren, 1975) Mn was chosen because it 

had the least change between samples and because it had a higher concentration than 

other reference elements such as Cr. 

Table 7 summarizes the average elemental ratios (relative to Mn) of the metals in 

the water, the rainfall, and the soil from the Rhode River watershed. Some values 

previously cited as from average river water and earth crust were also calculated and 

included in Table 7 for comparison purposes. It would seem that the metals in the 

Rhode River drainage streams that are derived from watershed soil include Fe, Mn, Cr, 

and possibly Cu; Zn, Pb, and Cd in the stream channels, and Zn, Pb, Cu, Cd, and Cr in 

rain are enriched relative to that of soil from the Rhode River watershed. These 

elements might be of anthropogenic origin. The enrichment of heavy metals in the 

forest detritus is worthy of noting, the forest detritus possibly acting as a trap for 

heavy metals. 

The forms of heavy metals in the transport process depend on the metal 

characteristics, the organic and inorganic constituents of the dissolved phase, and the 

nature of the suspended solids. The correlation coefficients of monthly average 

concentration of suspended particles (mg/1) and the logarithm of the metals concentra- 
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Table 6. Metals Concentration in the soil of an undisturbed forest 

of the Rhode River watershed (ug/g) 

Soil Fe Mn Zn Cr Cu Cd Pb 

Detritus 4439 15.1 71.6 6.9 35.8 1.6 25.9 

0-3 cm 2340 122.2 10.2 5.7 0.76 0.3 7.4 

3-5 9003 143.2 24.0 11.4 2.6 - 1.1 

5-8 9869 127.7 9.4 7.0 2.3 - - 

8-12 9172 170.7 1.0 11.4 3.4 - - 

12-18 6041 147.3 3.5 6.5 3.2 - - 

18-24 17031 146.8 23.9 25.8 3.2 - - 

24-30 6618 180.3 13.8 9.6 2.5 - - 

Earth Crust 

(Beck, 1973) 

56000 950 70 100 55 0.2 12.5 

- Below detection limit 
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tion in the stream channels of the Rhode River watershed were tested. Of the seven 

metals tested, only iron showed good correlation (r = 0.78 to 0.91) and Cr showed fair 

correlation (r = 0.66 to 0.76) This would seem to suggest that only Fe is transported 

primarily in particulate form during the discharge process. Gibbs (1973) studied the 

transport mechanism of trace metals in rivers, and believed that Fe is transported as 

precipitated metallic coatings and crystalline solids in the Amazon and Yukon Rivers. 

The seasonal discharge rate of metals is reported in Fig. 1 and the seasonal 

hydrological discharge of water is reported in Fig. 2. Remember that metals loading is 

the product of metals concentration and total flow. Mn and Cu discharge seem to 

match with water discharge, while loading of Cr, Fe, Zn, and Pb seem to increase 

steadily from winter to fall seasonally. Cd loading seems to have a reverse pattern 

from the water discharge. The exact reason is not clear to us at this point, but it is 

believed that the combination of metals input, rainfall intensity, and metals uptake into 

plants and binding to soil might be important factors. 
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Appendix. Seasonal stream output of metals from Rhode River watershed (g/ha ) 

101 102 103 105 106 107 108 

Winter 596 536 

Fe 

357 419 353 2775 274 

Spring 7282 2434 2432 3054 4189 6109 1552 

Summer 9135 3869 3800 3943 13295 6875 5355 

Fall 3200 3314 3080 4019 7160 — 8518 

Winter 119 80 

Mn 

41 71 77 125 100 

Spring 183 164 122 195 299 194 120 

Summer 52 80 49 35 190 49 58 

Fall 110 134 133 184 200 -- 438 

Winter 7.95 11.83 

Zn 

5.54 9.15* 5.58* 10.46 12.39 

Spring 21.56 15.73 14.38 14.88 21.50 29.46 17.06 

Summer 51.02 31.79 23.42 25.58 69.83 35.74 29.87 

Fall 24.07 18.77 15.19 28.15 26.92 — 20.02 

Winter 1.16 1.33 

Cr 

0.43 1.47* 1.33* 8.87 0.59 

Spring 10.50 23.44 19.53 17.53 7.93 13.89 17.59 

Summer 28.12 17.04 11.82 16.13 46.43 23.72 30.35 

Fall 29.30 14.35 10.80 12.61 41.26 __ 14.74 
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Appendix (cont.) 

Winter 0.59 

Spring 0 

Summer 1.84 

Fall 0.40 

Winter 0.23 

Spring 4.50 

Summer 2.69 

Fall 5.73 

Winter 0* 

Spring 0 

Summer 3.43 

Fall 46.00 

Cd 

0.67 0.18 

0 0 

1.40 1.35 

0.48 0.39 

Cu 

1.44 0.22 

4.12 3.19 

0.44 1.15 

5.79 4.59 

Pb 

0* 0* 

0 0 

2.74 5.89 

44.51 42.07 

.08* .05 

0 0 

0.96 1.84 

0.70 0.34 

0.26* 0.08* 

3.88 4.43 

1.05 4.32 

5.68 6.98 

0* 0* 

0 0 

1.96 10.95 

14.61 40.56 

0.11 0.49 

0 0.10 

1.29 1.61 

— 0.33 

0.65 1.05 

4.58 3.08 

2.95 1.06 

— 1.46 

0* 0* 

0 0 

14.47 8.42 

66.16 

♦Spot sample was used 

- No data 

0 Below detection limit 
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DISCUSSION 

Turner: You said something that I neglected to say and that is that our concentrations 

of metals on particulate matter in is the streams, that is in a dry weight basis, were 

highly correlated with the percent organic matter in the stream. I take very well what 

you said and it is logical about the enrichment of the metal in organic matter. 

Wu: That is sort of the point I wanted to make. I want to stress this partitioning effect 

between water and organic matter. The humic material, and metal in organic 

complexes, all come into play. 

Todd: In your cultivated watershed and the lead content, you observed a value in the 

fall of 166 grams per hectare and you attribute this to the use of gasoline. Wouldn’t you 

expect the same degree of intensity of agriculture in the spring as you would in the fall. 

When the crop was put in as well as when it was harvested? 

Wu: It’s hard to say. I would say that the average yield is highest for lead from 

cultivated land in the fall but for the pasture in the summer, and my simple intuition 

would be that there are more people out there in the summer to mow the grass and in 

the fall people would come there to harvest the crops. I'm not sure on this. 

Todd: What crop was on the cultivated watershed? 

Wu: It varies. Large crops are tobacco, corn and hay. 
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RUNOFF STUDIES OF THE AGRICULTURAL HERBICIDES 

ALACHLOR AND ATRAZINE FROM THE RHODE RIVER WATERSHED 

DURING THE 1976 GROWING SEASON 

Tung L. Wu, Nancy J. Mick and Bonnie M. Fox 

Chesapeake Bay Center for Environmental Studies 

Smithsonian Institution 

Route 4, Box 622 

Edgewater, Maryland 21037 

Abstract - During the growing season of 1976, an intensive monitoring program of a 

small basin of the Rhode River watershed was carried out. A corn field of 16.4 hectares 

was treated with alachlor and atrazine. Concentrations of these herbicides in the soil 

profile and in runoff water from the corn field were determined. The runoff study was 

made possible by construction of two V-notched weir monitoring stations, one located 

immediately at the bottom of the drainage furrow of the corn field, the other one 

located down stream from this channel. 

Major concentrations of alachlor were found to remain on and above about 5 cm of 

soil profile. The residual alachlor was greatly reduced after 15 days of its application in 

the field. 

The residual atrazine showed a different pattern in its movement in soil. 

Detectable concentrations of atrazine were found in the deeper soil profile (24-30 cm) 

109 and 148 days after the atrazine application in the field. 

Atrazine and alachlor concentrations were determined in the runoff water during 

the 1976 growing season. Both particulate and dissolved phases were studied. Although 

enrichment of both atrazine and alachlor in the runoff particulates were detected, the 

transport of atrazine and alachlor in the dissolved phase of runoff water was often 

substantial. The detected runoff loss of atrazine for the corn field studied was 

calculated to be 1.2%; the runoff loss of alachlor was only .02%. 
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INTRODUCTION 

Many hundred million acres of soils receive herbicide each year. In 1974, 400 

million dollars worth of herbicides were applied to corn in the United States. By 1980, it 

is estimated that 520 million will be spent on herbicides for corn alone.* Thus, the 

importance of using herbicides to control weed problems in agricultural practice is very 

evident. 

However, with the increased usage of herbicides and the increased number of 

synthetic herbicides, it should be remembered that a potential hazard is introduced to 

the environment. Since the publication of ’'Silent Spring” (Carson, 1962), active research 

on chlorinated pesticides has helped our understanding of pesticide residues, and has 

made us aware of the wide spread contamination with certain insecticides over the 

entire world. The persistence of these pesticides in the soil, water and sediments might 

cause them to accumulate and might impose a long term chronic stress on the 

environment. 

With the increased understanding of herbicide practice, the possibility of crop 

injury due to persistent residual herbicides in the soil can be greatly reduced. The 

proper use of 2-chloro-4-(ethylamino)-6-(isoproplyamino)-S-triazine (atrazine) and 2- 

chloro-2', 6’-diethyl-N-(methoxy methyl) acetanilide (alachlor) has increased corn 

production over the past 20 years (Lavy, 1973). The use of a combination of alachlor and 

atrazine for corn practice has become widely accepted for control of annual weeds in 

corn (Pesticide Recommendations, 1973). 

The ideal situation for herbicide application would be: (1) herbicides are 

inexpensive yet produce high crop yield, (2) herbicides can control the problem weeds 

yet do not injure crop plants, and do not accumulate in soil and (3) herbicides do not 

spread; they are not transported out of the target field. A great deal of research is 

needed before the ideal situation can be achieved. The main purposes of this research 

project are to study: (1) persistence and movement of herbicides in the soil profile of 

the field, (2) herbicide concentration in the runoff water of Rhode River drainage 

channels and (3) the impact of herbicide loading on the estuarine inhabitants. 

♦Chemical and Engineering News, May 19, 1975. 
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METHODS AND MATERIALS 

Study Area and Herbicides Application 

The Rhode River watershed consists of 3,332 ha of eastern coastal plain drainage 

basin on Maryland’s western shore of Chesapeake Bay. The monitoring stations on the 

various drainage channels and the land utilization types are summarized and reported 

elsewhere (Correll, this volume). The herbicide runoff from these drainage channels 

was monitored during the 1976 growing season. 

Row crops, forest and pasture are the major land use types on the Rhode River 

watershed. Corn, tobacco and hay are the major agricultural crops. Atrazine, alachlor, 

linuron and trifluralin are among the major herbicides applied to fields in the Rhode 

River watershed. 

A corn field of 16.4 ha was chosen for intensive monitoring of soil herbicide 

concentrations. The corn field drains into a small wooded creek channel. A monitoring 

weir station was built immediately at the bottom of the drainage furrow (weir 109) (see 

Fig. 1). This drainage furrow later drains into a larger channel (weir 108) which 

eventually drains into Rhode River (an estuary). A rain gauge was installed to measure 

corn field rainfall. A sensoring station which monitors soil temperature and soil 

moisture at depths of 5, 15, and 30 cm was established at each of the sampling stations 

(Fig. 1). 

Alachlor and atrazine were applied to the corn field with a tractor drawn sprayer. 

The field data on the herbicide application is summarized in Table 1. 

Collection and Preparation of Samples 

Soils - Soils were sampled with a soil coring tube. Cores were taken at stations of 

four different elevations. The cores were segmented and like depths were composited 

for each elevation. Cores were divided into eight segments; 0-1 cm, 1-2.5 cm, 2.5-5 cm, 

5-8 cm, 8-12 cm, 12-18 cm, 18-24 cm and 24-30 cm. Composite samples were then 

homogenized with a twin-shelled blender. The homogenized wet soil sample was 

immediately frozen until analysis. 

Runoff Water - Runoff waters were sampled as volume-integrated aliquots for one 

week intervals at each weir monitoring station. Glass bottles were always used. The 

sample was then floculated with five grams of CaCl^ * 6 H^0 per liter of water and left 
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Table 1. Field data of herbicide application on cornfield of year 1976 

Spraying Liquid 

Content 

water 

Lasso 

Aatrex 

Atrazine 

Alachlor 

Spraying Rate 62.5 gallon/ha 

Atrazine 

Alachlor 

Total Amount Applied to 109 corn field (1976): 

Atrazine 

Alachlor 

*(1 gallon contains 4 lbs. of active ingredient) 

Gallon 

400 

8* 

3* 

13.28 g/gal. 

35.43 g/gal. 

830 g/ha 

2214 g/ha 

13612 g 

36316 g 

over night at about 5 C. They were then filtered through 142 mm Gelman type AE glass 

fiber filters. The glass fiber filters were previously cleaned with a Benzene/CHg 

mixture (1/3, v/v) in a side chamber extractor. Particles caught on the filter were 

termed "particulate sample"; the filtrate that passed through the filter was termed the 

"dissolved sample". 

Extraction procedures 

Soil Sample - About fifteen grams of the homogenized previously frozen wet soil 

was weighted accurately and was then transferred to a glass thimble containing about 

5 g anhydrous sodium sulfate. The soil sample was then extracted in a soxhlet extractor 
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for 6 hours with a solvent mixture of 150 ml of methylene chloride and 50 ml of 

benzene. An aliquot of soil was immediately assayed gravimetrically for moisture 

content. 

Particulate Samples - Particulate samples were extracted in soxhlet extractors, 

using a method similar to that employed for soil samples. The concentration of 

suspended particles in water was determined separately by Pierce (this volume). 

Dissolved Samples - Dissolved samples were first extracted with 100 ml of benzene 

then extracted twice with methylene chloride, 100 ml and 50 ml respectively. The 

organic fractions were combined. 

Clean-up Procedure 

The organic extract was first dried over anhydrous sodium sulfate overnight, and 

then concentrated to about 10 ml with a Kuderna-Danish Evaporator. A chromato¬ 

graphic column was made with 15 g of activity Grade V alumina (15 g of H20 and 85 g 

AlgOg) and topped with 5 g of anhydrous sodium sulfate. The column was first eluted 

with 50 ml of petroleum ether, and then the concentrated 10 ml organic extract was 

poured into the column and eluted with 100 ml of hexane and then a mixture of 50 ml 

benzene and 50 ml hexane. The eluted organic solution was then concentrated to about 

4 ml with its volume accurately measured. This solution was used for gas 

chromatographic analysis. 

Gas Chromatographic Procedure 

A Packard model 802 (oven) gas chromatograph (Packard Instrument Co., Downers 

Grove, 111.) equipped with a tritium electron capture detector was used. A 6 ft. x 4 mm 

coiled, all glass column was packed with 10 percent DC-200 on 80/100 mesh gas-chrom Q 

(Applied Science Laboratories, State College, Penn.). The temperature of the tritium 

electron capture detector was set at 200 C, column temperature at 165 C, injection port 

at 200 C. The flow rate of the nitrogen carrier gas was set at 100 ml/min. An Aldrin 

Standard was injected after every two sample injections. 
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RESULTS AND DISCUSSION 

This paper reports the preliminary results of the analysis of the samples collected 

during the 1976 growing season. It should be noted that only one of ten soil sampling 

stations is reported. Analysis of other soil samples is in progress and will be available 

at a later data. 

Table 2 shows the soil properties at station one. The table indicated that the 

plowed zone soil is silty loam and contains 3-15% of organic matter. 

Table 2. Soils of the Plowed Horizon at Station One of Corn Field 

Percent 

Depth 
(cm) 

Sand Silt 

6/11 

Clay Organic 

4/23 

pH 

5/14 

0-1 46 28 26 3 5.5 — 

1-25 43 50 6 8 5.2 — 

2.5-5 43 50 7 11 6.3 6.0 

5-8 45 46 9 13 5.2 6.3 

8 12 35 61 5 14 6.0 6.0 

12-18 58 35 7 15 6.2 6.0 

18-24 44 52 4 14 5.6 5.7 

24-30 40 48 11 6 5.2 6.2 

The rainfall data of the cornfield during the 1976 growing season is shown in Fig. 

2. About 1.7 cm of rainfall occurred at the first day of herbicide application. Major 

rainfall events occurred June 16, July 10, August 14 and 27, September 16, and during the 

most of the month of October. 

Figure 3 shows the soil moisture of station one of the corn field. The soil 

moisture was determined for three soil depths, 5 cm, 15 cm, and 30 cm. The surface soil 

moisture fluctuated and followed the rainfall patterns. The variation of the moisture 
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content at greater depths indicated that water infiltration reached the entire plowed 

zone but was not very rapid. 

The soil temperature was monitored throughout the growing season and is reported 

in Fig. 4. During the early part of the growing season, the temperature of the top 5 cm 

of soil varied from 23 to 33 ; the 15 cm layer soil stayed around 25 ; and the 30 cm 

layer soil remained close to 22 . 

The herbicide concentration of atrazine and alachlor was determined from the day 

of application to the end of the growing season (148 days). The soil profile was 

segmented into eight sections and analyzed for alachlor and atrazine. The alachlor 

concentrations in the soil profile during the 1976 growing season are reported in Table 3. 

The atrazine concentrations are reported in Table 4. Although the table shows some 

variation due to uneven application of herbicides, the results from these preliminary 

studies include the following: 

(1) The major alachlor concentrations were retained in about the top 5 cm of the 

soil profile. The residual alachlor in the soil was greatly reduced 15 days after 

application to the field. The low penetration of alachlor in the soil profile and its rapid 
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FIG. 3 SOIL MOISTURE of CORN FIELD 

STATION I In 1976 

disappearance suggested that the accumulation of alachlor in soil is not a problem. The 

routes of alachlor disappearance, however, should be studied. Plant up-take, 

degradation due to chemical reactions or microorganism activities, losses from runoff 

and evaporation are believed to be important (Crawford, 1973). The differences in 

herbicide tolerance between corn and common annual weeds have been studied (Fryer, 

1968). It has been demonstrated that alachlor is metabolized almost completely within 

10 days (Humphrey, 1967). The chemical degradation of alachlor depends on soil pH, 

temperature, moisture content, etc. (Beestman, 1974). The microbial degradation of 

alachlor seems to be important; Beestman showed a 50-fold difference in alachlor 

degradation rate in sterilized soil. The runoff loss of alachlor from overland flow and 

interflow will be discussed later. 

(2) Compared with alachlor, residual atrazine showed a different pattern in the 

soil profile. It seems that atrazine was carried down deeper into the soil. The 

detectable atrazine concentrations in the deeper soil profile for Day 109 and Day 148 
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after herbicide application are significant. At the end of the growing season, when air 

temperatures were low, the atrazine in the deeper soil profile encounters lower soil 

temperature, lower soil moisture, and less microbial activities. This should increase the 

persistence of atrazine in soil and increases the possibility that atrazine can be carried 

over to the next growing season. More soil samples are being collected and a continuous 

three-year study on the corn field is in progress. 

During the growing season of 1976, runoff of atrazine and alachlor were monitored 

at weirs 109 and 108. Tables 5 and 6 summarize the concentration of atrazine and 

alachlor in the water of weirs 108 and 109, respectively. Although both atrazine and 

alachlor concentrations were enriched in suspended particulates, the concentration of 

these two herbicides in the dissolved phase often accounted for about 50% of the total 

concentration in runoff water. The high water solubility (148 mg/1) and the low soil 

penetration of alachlor indicates that alachlor is strongly adsorbed by soil particles. 

Therefore, the main contribution of alachlor to the drainage channel is probabily due to 

overland runoff. However, when compared with atrazine concentration in the 
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Table 5. Atrazine and Alachlor flow weighted mean concentrations in the 
stream channel of Weir 108 during the 1976 growing season. 

Atrazine Alachlor 
Date Total Cone. 

(ug/1) 
Cone, in 

particulates 
(ug/g) 

Total Cone. 
(ug/1) 

Cone. in 
particulates 

(ug/g) 

5/24-6/1 8.13 (66) 10.0 2.69 (43) 2.17 

6/1-6/7 1.59 (0) 0 0.197 (0) 0 

6/7-6/14 2.64 (0) 0 0.429 (43) 0.93 

6/14-6/21 10.63 (49) 415.2 0.954 (46) 35.0 

6/21-6/28 4.99 (79) 131.0 0.249 (100) 8.30 

6/28-7/6 — — — — 

7/6-7/12 34.99 (07) 3.56 0.637 (100) 0.89 

7/12-7/19 1.17 (0) 0 0.143 (45) 0.09 

7/19-7/26 4.78 (0) 0 1.36 (51) 19.0 

7/26-8/2 4.41 (83) 39.9 0.341 (48) 1.79 

8/2—8/9 1.35 (* * **) * 0.098 (*) * 

8/9-8/16 4.76 (14) 5.50 0.113 (0) 0 

8/16-8/23 0.92 (55) 25.0 0.593 (72) 20.8 

8/23-8/30 4.78 (51) 73.5 0.583 (87) 15.3 

8/30-9/7 4.63 (*) * 0.341 (*) * 

9/7-9/13 34.24 (39) ** 0.693 (100) ** 

9/13-9/20 8.54 (40) 230.0 0 0 

9/20-9/29 11.62 (0) 0 0 (0) 0 

9/27-10/4 5.66 (0) 0 0.070 (0) 0 

10/4-10/12 — — — — 

Numbers in parenthesis are the percentage contribution from particulates. 

-- No flow data or no sample was taken from stream. 

* Sample lost 

** Concentration of suspended particulates was not determined. 
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Table 6. Atrazine and Alachlor flow-weighted mean concentrations in the 
stream channel of Weir 109 during the 1976 growing season. 

Date 
Atrazine 

Total Cone. Cone, in 
(ug/1) particulates 

(ug/g) 

Alachlor 
Total Cone. Cone, in 

(ug/1) particulates 
(ug/g) 

5/24-6/1 19.88 (21) 406.7 0.652 (40) 24.8 

6/1-6/7 4.29 (33) 107.5 0.161 (0) 0 

6/7-6/14 4.00 (88) 495.8 1.06 (69) 103.1 

6/14-6/21 11.41 (60) 21.4 0.957 (0) 0 

6/21-6/28 11.71 (55) 228.9 0.387 (51) 7.07 

6/28-7/6 - - - - 

7/6-7/12 28.38 (51) 67.9 2.87 (66) 8.79 

7/12-7/19 35.06 (74) 97.7 0.669 (0) 0 

7/19-7/26 - - - - 

7/26-8/2 - - - - 

8/2—8/9 6.65 (*) * 0.412 (*) * 

8/9-8/16 3.72 (0) 0 0.269 (72) 1.29 

8/16-8/23 4.39 (19) 20.6 0.418 (100) 10.3 

8/23-8/30 - - - - 

8/30-9/7 - - - - 

9/7-9/13 (-) - - - 

9/13-9/20 52.78 (71) ** 0.586 (0) 0 

9/20-9/27 - - - - 

9/27-10/4 11.09 (71) ** 0.068 (100) ** 

10/4-10/12 - - - - 

Numbers in parenthesis are the percentage contributions from particulates. 

- No flow or no sample taken from streams. 

* Sample lost. 

** Concentration of suspended particulates was not determined. 
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particulates, alaehlor does not seem to be more enriched in the particulates of the 

runoff water. This seems to be contradictory, but higher rates of desorption, 

volatiliazation and degradation of alaehlor may be occurring on the surface of the 

particulates. 

Figure 5 shows the water discharge of weir 108 and weir 109 during the 1976 

growing season. The concentration of total atrazine and total alaehlor in the discharged 

water is shown in Fig. 6 (weir 108), and Fig. 7 (weir 109). At the beginning of the 1976 

growing season, when the herbicides were just applied, the concentration in the 

discharged water seemed to correlate with hydrological discharge rate. Near the end of 

the growing season, when alaehlor concentration in the soil were low, the alaehlor 

concentrations in the discharged water were very low. However, atrazine concentra¬ 

tions in the discharge water, as determined by this preliminary experiment, still seemed 

to respond to September rainfall events with a high atrazine concentration in the 

discharged water. 

The runoff loadings of atrazine and alaehlor during the 1976 growing season were 

calculated for 108 and 109 basins, and are reported in Table 7. Utilizing the herbicide 

application information (Table 1) the detected runoff loss of atrazine for 109 (corn field) 

was calculated to be 1.2% and the runoff loss of alaehlor was .02%. 
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Table 7. Herbicide loading in runoff of alachlor and atrazine from weir 108 
and 109 during 1976 growing season (g). 

Date Atrazine 
108 109 

Alachlor 
108 109 

5/24-6/1 57.48 97.21 19.03 3.19 

6/1-6/7 2.72 0.485 0.337 0.018 

6/7-6/14 0.916 0.064 0.149 0.017 

6/14-6/21 136.1 8.93 12.20 0.749 

6/21-6/28 3.16 0.621 0.158 0.021 

6/28-7/6 - - - - 

7/6-7/12 20.50 1.53 0.373 0.155 

7/12-7/19 6.79 57.85 0.829 1.10 

7/19-7/26 0.019 - 0.0058 - 

7/26-8/2 0.375 - 0.029 - 

8/2—8/9 8.95 5.94 0.650 0.368 

8/9-8/16 31.37 1.66 0.745 0.120 

8/16-8/23 0.442 0.053 0.285 0.005 

8/23-8/30 2.36 - 0.288 - 

8/30-9/7 0.0014 - 0.0001 - 

9/7-9/13 - - - - 

9/13-9/20 4.13 - 0 - 

9/20-9/27 - - - - 

9/27-10/4 22.13 - 0.274 - 

10/4-10/12 - - - - 

Total (g) 297.4 174.3 35.35 5.74 

- Water discharge data not available. 
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DISCUSSION 

Pionke: There seemed to be a little contradiction in your slides in the sense that I 

noticed that the concentrations of herbicides were fairly high over a six month period as 

far as in the runoff from these fields after application. Wasn’t the x axis from May 

through September or October, and it was running pretty much at this level yet I looked 

at your soil analyses on these sites and it seemed to me they had dropped steadily and 

that preceded these other slides. Is that right? I also recall some of the earlier work 

done on insecticides that usually the amount lost in runoff drops considerably after the 

time of application yet in your case it seemed to stay well up there for this six month 

period even though atrazine would degrade on site at a fairly reasonable rate. I would 

have expected to see it drop from maybe a flush early in May and by September to be 

well down rather than still be at this high level. Could you comment on that? 

Wu: As I pointed out for the runoff the weir 108 and 109 are different. For 109 runoff of 

alachlor levels off in the latter part of the growing season, it does show a fairly large 

runoff in the beginning. After less than 15 days there was another rain and the alachlor 

was still persistent enought at that time to show. Most of the runoff studies are done at 

the simulation where you have a flat single plot. For example, I have seen atrazine 

runoff recorded as high as 18 percent and It mostly happened in the early time after the 

application. In our situation we have level conditions. We have 100 feet elevation at 

the top of the watershed and the stream is down at about 25 feet. It seems to me the 

movement would have some bearings on that and the soil profile I showed you was at 

station 1 which is the highest elevation. You would expect this would be different at 

other elevations. 

Newby: One point that I should make is that you indicated the solubility at 70 ppm and 

in fact that’s incorrect. It’s 32 ppm which leads me to ask one question about the 50 

ppm value you showed in the runoff. 

Wu: About the solubility of atrazine, I have read much literature. You see 50 

milligrams per liter, sometimes you see 70 milligrams per liter, and I can show you the 

reference from which I am quoting. I am not making tests on this. This is for the 
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atrazine. Second, in our runoff samples we are not reporting in ppm units, but in ppb 

units. 

Lindberg: There has been a lot of research done on pesticide transport in the past, and 

it seems very important that a lot of the transport is particle associated. I notice you 

said at the beginning that you did filter the samples. I got the impression that most of 

the transport data you showed was total, is that right? Do you have a feeling for what 

fraction of the export is going out as particulate and dissolved? 

Wu: The values which I gave were total concentration in runoff The breakdown into 

dissolved and particulate will probably be included in the text. I can give you some 

values. 
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Technological Response to Spills of Hazardous Substances 

Edward H. Bryan 

Division of Advanced Environmental Research and Technology 

National Science Foundation 

Washington, D.C. 

Abstract-The transport of products from producers to consumers by 

truck, barge, rail, plane and pipeline poses a constant threat of 

sudden and unpredictable accidental contamination of water on our 

drainage basins. The threat to regional environmental quality and 

particularly the water ecosystem is analogous to that posed by 

point and non-point sources of pollution, differing principally 

in unpredictability as to the exact time and place of the accident, 

specific nature of the pollutant and the uncertainty of its 

potential effect on the drainage basin. This paper discusses the 

circumstances that led to the evaluation of a prototype environmental 

emergency response unit. This was documented in a film conceived 

by the Citizens for Menomonee River Restoration, Inc., funded by the 

U.S. Environmental Protection Agency and produced by Swanson 

Productions, Inc., titled: "Once a River." 

The contents of this paper are the sole responsibility of the 

author and do not reflect an official position of the National 

Science Foundation. The author is currently a Program Manaqer 

with the Foundation. From 1970-1972, he was Manager of Technical 

Marketing, Ecology Division, Rex Chainbelt Inc. He was also a 

member of the Citizens for Menomonee River Restoration, Inc., served 

on its Scientific Study Committee and as its president from 1971-1972. 

This paper was presented at the "Watershed Research Workshop," 

Chesapeake Bay Center for Environmental Studies, Smithsonian Institution 

on March 2, 1977 preceding presentation of the film: "Once a River" (9) 
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INTRODUCTION 

Hazards to regional environmental quality exist because substances 

that can cause damage to lakes, streams and ponds must be transported 

from producers to users and while in transit, accidentia! spills can 

occur. Concern about pollution of water in the past has been directed 

toward point sources of pollutants from industries that produce these 

materials and more recently to diffuse, non-point sources. The 

potential problem with respect to effect on the water ecosystem 

relating to spills of these materials is similar in many respects 

to both discrete and diffuse discharges from known sources. The 

distinguishing factors that make the problem different are the 

unpredictability as to time and place of occurence, the magnitude of 

the spill, the nature of the spilled substance and the potential 

scale relationship between the substance and the components of the 

drainage basin with which the substance interacts. The annual volume 

of transport of potentially hazardous materials was estimated as 

growing from two billion tons in 1970 to four billion tons in 1980. 

Substances that can be spilled during transit from producer to 

consumer include liquid fertilizers, pesticides, alcohols, solvents, 

strong acids and alkalis, toxic gases such as chlorine and ammonia, 

flammable materials like gasoline, cyanide solutions and concentrated 

waste materials. In excess of 3000 spills of hazardous polluting 

substances other than oil were estimated to occur annually into 

waters of the United States. 

DEVELOPMENT OF AN APPROACH TO A SPIILS-RESPONSE CONCEPT 

Late in the 1960's, national attention was directed by the U.S. 

Environmental Protection Agency toward development of responsive 

measures for spills of hazardous substances. In a report resulting 

from a study by the Battelle Memorial Institute (1) recommendations 

included the direction of effort toward development of effective 

prevention and countermeasure responsive systems. The wide variety 
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of potentially hazardous substances and the circumstances of 

accidental spills made the formulation of a research program 

unusually challenging. In mid-1971, the Environmental Protection 

Agency announced the results of a procurement effort based upon the 

Battelle report aimed at developing responsive systems for a class 

of substances that were soluble in water including ammonia, chlorine, 

phenol, alcohols, cyanides, herbicides and pesticides. 

The Ecology Division of Rex Chainbelt, Inc. was one of eight 

firms and research institutes in the United States that had its 

proposal accepted (2). Others included the Cornell Aeronautical 

Laboratory, Enviro-Control, Inc., Industrial Bio-Test Labs. Inc., 

Midwest Research Institute, MSA Research Corporation, Ocean Systems, 

Inc., Pacific Northwest Laboratories of the Battelle Memorial 

Institute and Rocketdyne Division of North American Rockwell 

Corporation. 

The contract that was negotiated with the Ecology Division of Rex 

Chainbelt was to develop and construct a modular, truck-transportable 

treatment system for removing soluble materials from water ecosystems. 

The technical concept was to develop a system of easily transportable 

units that could be poised for dispatch to the scene of a spill. They 

could be either driven directly to the spill location or moved by 

some other means to the scene of the accident. Upon arriving at the 

scene, the treatment system would be placed into operation to pick up 

the water and treat it in such way as to remove the hazardous material. 

Completion and delivery of this unit to the Environmental Protection 

Agency was scheduled for October of 1972. 

The prototype system was to be based upon the known property of 

activated carbon to absorb or adsorb both organic and inorganic 

substances from water solutions. Pretreatment of contaminated water 

was considered essential to protect the granulated carbon and reserve 

its adsorptive capability for substances not removable by centrifugation 

coagulation-sedimentation and rapid mixed-media filtration which 

processes were to precede contact with carbon. The amount of 
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granulated carbon that could be brought to the scene of a contained- 

spill on a 45-foot long flat-bed trailer was estimated to be 

20,000 pounds in consideration of the pretreatment system and ^elf- 

contained electrical power generator needed to supply the required 

energy for operation of pumps, controls and communication. 

BACKGROUND FOR INITIAL TEST AND EVALUATION OF THE RESPONSE SYSTEM 

Coinciding with but unrelated to the design and fabrication of 

the response systems under the EPA-contracts, a series of events 

were in progress in Milwaukee, Wisconsin that led to an opportunity 

for field-test and evaluation of two response-concepts. On Saturday, 

June 12, 1971, the Scientific Committee, appointed by the President 

of the Citizens for Menomonee River Restoration, Inc. (CMRR, Inc.) 

an affiliate of the Engineers and Scientists of Milwaukee, Inc. - 

investigated the section of the Little Menomonee River where several 

children who had participated in the organization's river-cleanup 

held on the prior Saturday were injured. The injuries were tentatively 

identified as resulting from skin-contact with substances in the 

bottom muds of the stream. Samples of bottom muds from the reach of 

the stream in which the affected children had worked were taken for 

for subsequent analysis. The conclusion reached was stated in a 

report published by the Scientific Committee (3) as follows: 

"Considering the apparent commonality of absorption peaks 

in the wavelength region corresponding to that of creosote, and 

the creosotelike odor, color and solubility characteristics of 

the extracted oil, it is highly likely that the tarlike substance 

present in the river mud is creosote." 

In its survey on June 12, the Scientific Committee of CMRR, Inc. 

had identified the likely source of the creosote as a wood-preserving 

plant several miles upstream from the site of the burn-incident. 

Samples of preservative oil obtained from the plant area "were 
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indistinguishable from the river sample extracts" It was later 

found that results of this survey corresponded to those of Zanoni (4) 

who found oil films on the Little Menomonee below the preservative 

plant and more specifically to those of Wehland (5) who, in his 

report of field surveys on July 23 and August 11, 1970 reported 

that: 

"...I tried to walk in the river bed, but the bottom 

was much too soft. I observed that oil and creosote had 

penetrated the river bottom to a depth of two (2) feet." 

An earlier report by the Wisconsin Department of Natural Resources 

(6) was explicit in its identification of the wood preserving 

facility as the source of cresote and oil discharges to the Little 

Menomonee River, stating that: 

"...wastes containing petroleum products are discharged to 

a gravity separator followed by a coke filter. The 

estimated flow is 25,000 gallons per day. The effluent 

from this facility is directed to a drainage ditch which 

has a series of hay filters to reduce oil prior to 

discharge to the stream. Surface runoff from the tie 

storage area also can contain oil residues. In the past, 

improper maintenance has allowed large quantities of oil 

to reach the Little Menomonee River." 

On June 26, 1971, members of the Scientific Committee met with 

officials of local and state government to brief them on findings 

to date. Of the children who had been chemically "burned", one had 

been hospitalized for observation and treatment. There was an 

indication that she had sustained internal injuries attributable 

to absorption of the creosote through her skin. Absorption may 

have been enhanced by the initial prolonged contact with the 

creosote, warm weather conditions and use of germicidal soap in 

alcohol solution to remove the oil/creosote from her skin. As a 

direct consequence of this meeting, followed up by subsequent meetings 

with City of Milwaukee Health Department officials, the Milwaukee 
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County Park Commission and the Wisconsin Department of Natural 

Resources, the stream was posted as being hazardous. 

During the river cleanup on June 5, 1971, a professional 

photographer who was a member of CMRR, Inc. had recorded a number 

of scenes of the cleanup on 16mm color film. Included in the 

events captured on film were several scenes of the children 

attempting to remove the creosote from their skin. Production of 

a documentary film for use in explaining the activities of the 

river restoration group was planned originally as a means for obtaining 

citizen support of the organization's objectives. 

When the U.S. Environmental Protection Agency heard of the 

possible presence of creosote and oils in the bottom muds of the 

Little Menomonee River its personnel recognized this as an 

opportunity to implement another part of its planned program of 

research into responsive measures for spills of hazardous materials. 

The substances in the bottom muds of the Little Menomonee were 

insoluble in water and heavier and characteristic of a category 

of spill for which a responsive system would be needed. A project 

which would be directed toward substances similar to those in the 

bottom muds of the Little Menomonee would complement research 

already underway for floating-insoluble substances and those 

soluble in water. EPA investigated other potential locations in 

the United States for such a research project. While a number of 

other possible locations were found, none seemed to offer the 

combination of advantages for a project sited on Milwaukee's Little 

Menomonee River, including the following (7): 

1. The problem exists and would not have to be created. 

Simulation of the problem would be very expensive 

and probably‘unwise. 

2. The Little Menomonee was a reasonably small stream for 

this type of research. 

3. The jurisdictional problems involved in obtaining 

permission to work on and near the stream were simple, 

requiring coordination with only a single agency, the 
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Milwaukee County Park Commission. Almost the 

entire reach of the Little Menomonee that was 

contaminated by creosote was within the Milwaukee 

County Park System. 

On March 17, 1972, less than a year after the possibly hazardous 

nature of deposits in the Little Menomonee River was discovered 

as a consequence of the river cleanup, EPA published a notice of 

its intent to seek qualified contractors. Indicating its concern 

about preserving the integrity of the Little Menomonee River as 

a natural stream, EPA stipulated in its request for proposals that 

a basic objective of the research project was to develop an "operation 

that minimizes damage to the natural stream bed and vegetation 

and trees on the stream banks." Eight firms in the United States 

qualified themselves to receive the full documentation and details 

of the project. Of the proposals received, EPA selected two 

contractors for negotiation of contracts to conduct competitive 

tests of their proposed procedures on separate 500-foot reaches of 

the Little Menomonee River during October of 1972. One of the 

successful contractors was the Ecology Division of Rex Chainbelt, Inc. 

which proposed to couple the prototype environmental emergency response 

unit nearing completion with a device that had been completed by EPA 

under an earlier contract for removal of oil from beach sand (8). 

The other contractor. Industrial Biotest Laboratories proposed to 

combine its capabilities in coagulation chemistry with R-P Industries, 

which had under development a concept for using powdered carbon for 

adsorption of dissolved substances simultaneously with adsorption of 

a magnetic substance for subsequent removal by a magnetic separator. 

Recognizing the opportunity for completing the film that was 

originally planned, CMRR, Inc. proposed to EPA that it be awarded 

a contract for documenting the research studies to be undertaken 

by the two contractors. The use of the filmed scenes that already 

existed recording human contact with the hazardous substances was 

offered as providing a context for the documentary film. The contract 
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was awarded to CMRR, Inc. and resulted in production of the film 

titled Once a River. Produced by Swanson Productions Inc. under 

subcontract to CMRR, Inc., the film traces the role played by a 

citizen's group in focussing community attention on a problem 

dealing with pollution of a drainage basin. It records the actions 

taken by local, state and Federal agencies in response to the 

problem and provides a documentation of the two methods that were 

utilized to experimentally remove cresote from the muds of the 

contaminated stream. 

With regard to the research project itself, the objective of the 

initial phase was to determine which of the contractor's methods 

tried was more effective, appropriate and least expensive. The 

better of the methods was planned for subsequent utilization to 

determine costs and effectiveness of the procedure over a wider 

range of conditions such as stream width, depth, accessibility, 

and to determine other characteristics not measurable in the initial 

test. Both contractors were judged to have performed the initial 

phase satisfactorily and were invited to submit proposals for removal 

of creosote from the entire affected reach of the stream. The 

concept involving use of the prototype environmental emergency 

response unit was the successful proposal. The unit was utilized 

during 1973 and 1974 to accomplish this task providing opportunity 

for further testing, evaluation and demonstration. Technical details 

regarding the actual experiments themselves were detailed in reports 

by the contractors to EPA and were described at the Hazardous Spills 

Conference in 1974 (10). 

SUBSEQUENT UTILIZATION OF THE ENVIRONMENTAL EMERGENCY RESPONSE UNIT 

Since its initial test and evaluation in connection with the 

creosote problem in muds of the Little Menomononee, the prototype 

environment emergency response unit has been utilized by the U.S. 

Environmental Protection Agency for seven tasks involving retrieval 

of dinitrobutylphenol, polychlorinated biphenyl, Toxaphene, Chlordane- 
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Heptachlor-Dieldrin-Aldrin, pentachlorphenol and Kepone (11) (12) (13) 

(14) (15). A chronological presentation of its utilization is 

presented in the following table. 

Summary of Operations of the U.S. Environmental Agency's 

Environmental Emergency Response Unit from 1972-1977 

No. Location Date Contaminant Removed And Reference 

1 Milwaukee, Wis. 
(Little 
Menomonee River) 

September 
1972 

Creosote from bottom mud-Test of 
concept (7) (9) (10). 

2 Milwaukee, Wis 
(Little 
Menomonee River) 

1973/1974 Creosote from bottom mud-Follow 
up to Test in 1972 (11). 

3 Clarksburg, NJ 
(Private lake 
tributary to 
Millstone River) 

August 
1974 

Dinitrobutylphenol (DNBP) (11). 
Millstone River is the water 
supply for Allentown, N.J. 

4 Seattle, Wash. 
(Duwamish 
Waterway) 

October 
1974 

Aroclor 1242-Polychlorinated 
Biphenyl (PCB). Initial Attempt 
to Remove (12). 

5 Plains, Virginia 
(Private Pond, 
tributary to 
Broad Run. 

April 
1975 

Toxaphene (13). Broad Run is 
the Manassas, Va. water supply 
stream. 

6 Strongstown, Pa. July/August 
(Carney Run, 1975 
tributary to North 
Branch of Blacklack 
Creek) 

"Termide"-Chlordane, Heptachlor, 
Aldrin and Dieldrin (14). 

7 Havertown, Pa. 
(Shallow 
disposal well) 

November 
1976 

Pentachlorphenol (15). Spent wood 
preservative-oil mixture. 

8 Hopewell, Va. 
(Rain and washdown 
water) 

January 
1976 

Kepone (15) from cleanup of Life 
Sciences Products Co. property. 

9 Seattle, Wash. 
Duwamish Water¬ 
way) 

March 
1976 

Polychlorinated Biphenyl (15) 
Completion of task initiated 
in October 1974. 
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References are noted in the table for source of technical detail 

regarding the magnitude of the "spill" and the performance of the 

prototype unit. Shown in Fig. 1, the three large tanks of the 

prototype unit contain a total of 18,000 pounds of granular 

activated carbon. The unit is 45-feet long, 8-feet wide and 13-feet- 

6-inches high. Its loaded weight is 95,000 pounds and its empty 

weight is 51,000 pounds. The hydraulic capacity of its mixed-media 

filters and carbon-contacting unit is nominally 300,000 gallons per 

day. The self-contained generator can deliver 100 kilowatts of 

power. The flat bed carries a collapsible tank that can be used 

for chemical coagulation and sedimentation. The cost of designing 

the prototype was $100,000 and its fabrication price was $150,000. 

Fig. 1. The prototype environmental emergency response unit. Photo¬ 

graph courtesy of the Milwaukee Journal. 
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CONCLUSION 

The environmental emergency response unit has performed in accord 

with the high expectation with which it was originally proposed. To 

quote from the Summary of the Technical Proposal (2): 

"The objective of the proposed work is to design a prototype 

system for countermeasure response to spills of hazardous 

substances. Spills will occur under unforseeable and un¬ 

controllable conditions when it is possible for them to do so. 

A system of response must be capable of dealing with a diversity 

of substances, and a complete response system should also be 

capable of being effectively applied to spills occuring in a wide 

variety of geographical locations under variable conditions of 

weather and unpredicability with respect to time and place of 

occurence." 

A system of response to spills of hazardous substances will be 

complementary to the achievement of the objectives of Public Law 

92-500 with regard to control of both point and non-point sources of 

pollution. Research directed toward hydrological characterization 

of drainage basins is clearly of major importance to both point and 

non-point sources of pollutants. Its role with respect to problems 

of and relating to spills must in addition deal with the added 

dimensions of uncertainty and unpredictability. Knowledge of how 

drainage basins respond to normal and predictable variations in 

nutrients, heavy metals, pesticides and herbicides may provide the 

basis for defining the nature of the response to spills when they 

occur. 
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D. D. Huff9 G. S. Henderson9 C. L. Begovich^ 

R. J. Luxmoores and J. R. Jones 

Environmental Sciences Division 

Oak Ridge National Laboratory 

Oak Ridge, Tennessee 37830 

ABSTRACT--Hydrologic studies at Walker Branch Watershed combine field 

data collection, use of analytic methods for data processing, and the 

use of models to explore hypotheses that result from analysis. For 

example, examination of delayed flow from the two sub-basins of Walker 

Branch showed a quantitative exchange from one sub-basin to the other. 

The data also suggested a relationship between delayed flow rate and 

fraction of delayed flow volume exchanged. Simulation results 

supported the analysis, but raised additional questions for further 

field study and data analysis. A similar approach to studies of 

quick-flow and evapotranspirati on leads to a suggestion that storm 

runoff is uniform for both sub-basins and is related to the moisture 

content of surface soils, as influenced by evapotranspirati on. 

^Research sponsored by the Energy Research and Development Administration 

under contract with Union Carbide Corporation. 
2 
Publication No. 1028, Environmental Sciences Division, ORNL. 

3 
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INTRODUCTION 

The objective of this paper is to illustrate an integrated approach to 

watershed studies that combines field data collection, the use of analytic 

methods to process the data, and the use of hydrologic models to test hypo¬ 

theses suggested as a result of data analysis. Watershed research begins with 

field studies. It then progresses to data processing and analysis, and finally 

to some form of predictive model, which may range from a simple, empirical re¬ 

lation to a collection of complex, mechanistic representations of hydrologic 

processes. A significant point, however, is that the model predictions can 

be an impetus for new field studies where new or refined concepts are exam¬ 

ined. Thus the integrated approach is iterative, and need end only at the 

point where the questions that set it in motion or arose subsequently have 

been answered satisfactorily. Through examples dealing with baseflow, storm- 

flow, and evapotranspiration, drawn from studies of Walker Branch Watershed, 

we want to show our use of the approach just described. 

STUDY AREA 

A detailed description of Walker Branch Watershed has been presented ear¬ 

lier by Harris (1977), so that only a few salient features are repeated here. 

The watershed consists of two adjacent basins, the East Fork (59.1 ha) and the 

West Fork (38.4 ha). Both have predominantly mixed Oak-Hickory forest cover 

over soils that vary in thickness from more than 30 m at the ridgetops to 

about 2 m or less along the main channels. Over 96% of the area is covered 

by either Fullerton Cherty Silt Loam or Bodine Cherty Silt Loam soils, which 

are classified as wel1-drained. Bedrock is the Knox Dolomite formation, which 

is known to contain solution openings (McMaster and Waller, 1965). Elevations 

range between 250 m and 345 m above sea level. Mean annual precipitation is 

151 cm at Walker Branch, and mean annual streamflow is about 86 cm (Henderson, 

et al. 1977). 
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BASEFLOW STUDIES 

Scope 

Direct comparison of flow rates observed at the East and West Forks of 

Walker Branch Watershed during low flow conditions showed that the West Fork 

yields a higher rate of baseflow per unit area than the East Fork. This sug¬ 

gested that some groundwater is transferred between basins, and made it desir¬ 

able to quantify the extent of exchange and to draw inferences about whether 

or not the combined baseflow of both basins constitutes all the groundwater 

lost from the combined basin. 

Field Studies 

Flow data are collected continuously at both branches of Walker Branch 

Watershed. Each basin has a 120-degree V-notch weir that is 2.5 feet (0.76 m) 

deep and has a sharp-crested rectangular section above the V-notch (Curlin 

and Nelson, 1968). Flows can be measured within ± 3% over a range of approx¬ 

imately 0.001 to 65.7 cfs (3 x 10~5 to 1.86 m3/sec.). Stage height is re¬ 

corded at 5-minute intervals, and the period of record extends from 1970 to 

the present. Five recording rain gauges are also operated on the combined 

basin and provide records at 5-minute intervals. The gauges are of the weigh¬ 

ing-bucket type, with a recorder sensitivity of 0.1 inches (2.5 mm). Climatic 

data, such as air temperature, relative humidity, and solar radiation, are 

collected at a weather station that is about 6 kilometers northeast of the 

basin. 

Data for the period from October, 1971 to October, 1975 were chosen for 

the analyses presented in the remainder of this paper. 

Data Processing 

Clearly, in order to differentiate baseflow from the rest of the flow, 

a hydrograph separation technique is required. We chose the method suggested 

by Hewlett and Hibbert (1967) because of its simplicity and apparent applica¬ 

bility to small forested watersheds in the Appalachian-Piedmont region. A 

computer program that implements their procedure has been documented by Huff 

and Begovich (1976), and was used in the studies reported here. Briefly, the 

method separates a hydrograph into quick flow and delayed flow by a straight 
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line of arbitrary slope. Figure 1 shows a simple example of the application 

of the method. Hereafter, the terms stormflow and baseflow are used inter¬ 

changeably with quick flow and delayed flow respectively. The beginning of 

a storm event is defined by an increase in stream discharge rate. When the 

slope of the hydrograph exceeds that of the baseflow separation line, a 

storm begins. The storm ends when the hydrograph drops below the extension 

of the separation line. Minor events (stormflow volume less than 0.025 mm) 

are not counted as storms, and all volume is considered as delayed or base- 

fl ow. 

ORNL-DWG 75-10427 

TIME —► 

Fig. 1. An illustrative diagram of the quick-flow hydrograph separation 

method. 

Hewlett and Hibbert (1967) recommend a baseflow separation line slope 
q 

of 0.05 cubic feet (0.0014 m ) per second per square mile per hour (csm/hr), 
q 

however we chose a value of 0.14 csm/hr (0.040 m /sq mi/hr) as more appropri¬ 

ate for Walker Branch. This choice was made to satisfy two criteria. The 

first was that distinct storm events should be separated, and the second was, 

that the "storm" event should not continue beyond the point where the rate of 

decrease in flow rate became characteristic of base flow. Although the cri¬ 

teria are subjective, we consistently derived a baseflow separation slope 

that ranged between 0.13 and 0.15 csm/hr (0.0040 and 0.0043 m /sq mi hr) from 
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analysis of several individual storms. When we compared monthly results 

obtained with the recommended and selected slopes, we found that the lower 

slope resulted in stormflow volumes that were 10% to 15% higher, with corres¬ 

ponding decreases in baseflow volumes. 

Our procedure was to apply the hydrograph separation method to flow data 

from each branch of Walker Branch Watershed and to summarize the results by 

calendar month. Table 1 shows a summary of calculated monthly delayed flow 

volumes for both the East Fork and the West Fork of Walker Branch for the per¬ 

iod October, 1971 to October, 1975. 

Table 1. Calculated Monthly Delayed Flows 

71-72 72-73 73-74 74-75 AVG. STD. 

East Fork of Walker Branch 

(Flow in cm) 

October 0.38 1.37 0.34 0.39 0.62 + 0.50 
November 0.41 3.02 2.30 0.86 1.65 ±1.22 
December 3.60 9.60 7.47 4.91 6.40 ± 2.67 
January 11.81 6.89 15.48 8.67 10.71 ± 3.77 
February 8.20 8.18 9.91 9.47 8.94 ±0.88 
March 9.79 9.61 8.88 12.23 10.13 ± 1.46 
April 5.41 6.51 7.55 4.64 6.03 ± 1.27 
May 3.64 6.99 4.30 1.66 4.15 ± 2.20 
June 0.61 3.43 1.36 2.28 1.92 ±1.22 
July 0.47 1.21 0.40 0.44 0.63 ± 0.39 
August 0.38 1.75 0.30 0.19 0.66 ± 0.73 
September 0.10 0.37 0.36 0.23 0.26 ± 0.13 

Average 3.73 ±4.18 4.91 ±3.41 4.89 ±4.94 3.83 ±4.19 4.34 ± 3.97 
Sum 44.8 58.9 58.7 46.0 52.1 ± 7.8 

October 3.16 4.29 

West Fork of Walker Branch 
(Flow in cm) 

3.54 3.31 3.58 ± 0.50 
November 3.56 6.29 5.73 3.66 4.81 ± 1.40 
December 7.34 15.76 13.44 9.14 11.42 ± 3.86 
January 18.16 12.46 24.46 14.62 17.42 ± 5.25 
February 13.53 13.95 17.15 15.93 15.14 ±1.70 
March 16.52 17.22 16.02 20.46 17.56 /-tt 2.00 
April 11.02 12.87 14.04 10.83 12.19 ±1.54 
May 8.41 13.73 9.31 5.86 9.33 ± 3.28 
June 4.66 9.11 5.29 6.17 6.31 ± 1.97 
July 4.18 5.50 4.25 4.03 4.49 ± 0.68 
August 3.36 6.16 3.84 3.67 4.26 ± 1.28 
September 2.90 3.73 3.43 3.31 3.34 1 0.34 

Average 8.07 ±5.50 10.09 ±4.77 10.04 ±6.88 8.42 ±5.84 9.15 ± 5.45 
Sum 96.8 121.1 120.5 101.0 109.8 ±12.8 

Analysis 

Early attempts to explore water exchange between the East and West Forks 

of Walker Branch were hindered by lack of an objective means for separating 

the baseflow component from the rest of the hydrograph. Total flow volumes 
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did not show any stable relationshop between branches. However, once the 

baseflow separation analysis had been performed, a consistent pattern began 

to emerge. 

The first quantitative indication of exchange of baseflow from the East 

Fork basin to the West Fork basin of Walker Branch came from examination of 

the total volumes of delayed flow that were calculated over the four year 

period. The East Fork yielded 208.4 cm of delayed flow and the West Fork 

yielded 439.4 cm. If a hypothesis of quantitative transfer from the East 

to West basin were true, the deficit in flow volume from the East would equal 

the gain in flow volume on the West, relative to the basin average. From the 

values given above and the areas of each basin, the total watershed yield is 
3 

2,919,000 m or 299.4 cm of delayed flow. Thus, at the average rate for the 
3 

whole basin, the East and West Forks would be expected to yield 1,769,000 m 
3 

and 1,150,000 m of delayed flow respectively. The actual yields were 
3 3 

1,232,000 m and 1,687,000 m respectively. Thus, our hypothesis suggests 
3 

that the East Fork was 537,000 m below average and the West Fork was 537,000 
3 

m above average. The exact agreement between the two values is dictated by 

the assumptions inherent in the analysis. The significant result of the 

analysis was that approximately 30% of the delayed flow that originates on 

the East Fork annually is apparently transferred to the West Fork. Although 

field data are not available to test this hypothesis, simulation results 

that depend on the assumption tend to match the monthly observed baseflow 

values reasonably well (average absolute error of about 65% for any given 

month) for non-calibration periods. This represents a substantial improve¬ 

ment over results that assume no transfer. Similarly, simulated flows on 

the West Fork show much better agreement with observations when a gain is 

assumed. 

For modeling purposes, we wished to define baseflow exchange at a level 

of time resolution that is compatible with continuous simulation. In an 

attempt to develop such information, monthly totals of delayed flow were 

plotted against the fraction of flow exchanged. Figures 2 and 3 illustrate 

the outcome for the East and West Forks respectively. As one would expect, 

the slopes of the average curves for the basins differ by a factor that is 

equal to the ratio of basin areas. From Figs. 2 and 3, one may determine 

the fraction of average flow per unit area that will be lost or gained, 

depending on the basin. The relationships suggested in these figures form 
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Fig. 2. The derived relationship between average monthly delayed flow 

and the fraction lost from the East Fork of Walker Branch Watershed. 

the basis for the next step in the research process, the application of a 

hydrologic simulation model. 

Simulation 

The terrestrial ecosystem hydrology model (TEHM), which was developed 

by Huff et al. (1977), includes portions of several process models (Crawford 

and Linsley, 1966; Patterson et al., 1974; and Munro and Huff, 1977; Goldstein 

et al., 1974) and has been interfaced with several models that consider con¬ 

taminant or nutrient transport (Begovich and Jackson, 1975; Dixon et al., 

1976; Luxmoore et al., 1976). It has been used for hydrologic simulation stu¬ 

dies of Walker Branch Watershed and Crooked Creek Watershed, which is in 

the new lead belt in Missouri (Munro et al., 1976). The TEHM has been fully 

documented (Huff et al., 1977) so only highlights of the model that are rele¬ 

vant in the context of this paper are presented here. 

747 



ORNL-DWG 77-3362 

g8 
o - 

1* 
X 
w 
*8 

l; 0 

o ® 

DELAYED FLOW EXCHANGE 

LEGEND 

0 

0 = West Fork WBW 
(FRACTION GAINED) 

PERIOD 10/71 TO 10/75 

! 0 0 
0 

00 
0 

1 
0 0 

00 0 ° 0 c> 0 0 0 0 0 0 j 
0o o o ^ 0 0 

0.0 25 7.5 10.0 12.5 15.0 IT 5 

FLOW RATE IN CM/DAY 
20 0 22.5 25.0 

Fig. 3. The derived relationship between average monthly delayed flow and 

the fraction gained by the West Fork of Walker Branch Watershed. 

The hydrologic processes included in the TEHM are illustrated in Fig. 4. 

Each box in the figure signifies an identifiable model component. Groundwater 

flow, which corresponds to delayed flow, is represented as outflow from a 

single storage compartment at a rate that is directly proportional to the 

amount of water present. Thus the equation used in the TEHM to calculate 

baseflow is 

VkS9 0) 
where 

Sg amount of groundwater storage, and 

k constant. 

We define the daily recession constant as the ratio of flow rate on one 

day to the flow rate on the preceeding day. In the TEHM, the relationship 

between the daily recession constant and the constant in equation (1) is 

k = (-In Kr)/At (2) 
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Fig. 4. A schematic diagram of the structure and components of the Terres¬ 

trial Ecosystem Hydrology Model. 

where 

k constant [from equation (1)], 

Kr daily recession constant, 

At one day interval, and 

In natural logarithm. 

Figure 5 is an illustration of the determination of the values of k and Kr 

from an observed hydrograph for Walker Branch during the period 19-28 March, 

1974. Only the baseflow values are relevant here. 

The TEHM has provisions for modeling baseflow transfers into or out of 

a watershed. This is accomplished by specifying the fraction of baseflow 

transfer, which is assumed to be constant in the standard version of the 

model. Based upon the baseflow analysis presented earlier, we assumed that 
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Fig. 5. An example hydrograph analysis, where a storm for 19-28 March, 1974 

has been used to determine recession constants. 

30% of the baseflow was lost from the East Fork of Walker Branch Watershed. 

This corresponds to a 46% gain in baseflow on the West Fork. When the fore¬ 

going assumptions are used with the TEHM to simulate baseflow on each fork 

of Walker Branch the results are encouraging. Figures 6 and 7 show the out¬ 

come of four-year simulations of delayed flow on the East and West Forks of 

Walker Branch. Each figure includes observed and simulated monthly average 

baseflow. The results shown in Figs. 6 and 7 serve to confirm the hypothesis 

of baseflow transfer between the two basins, and have suggested the need for 
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Fig. 6. A comparison of observed and simulated monthly base flow from the 

East Fork of Walker Branch Watershed. 

field studies to define groundwater flow patterns at Walker Branch. The 

results also suggest that for delayed flow, our understanding is sufficient 

for adequate simulation of monthly delayed flows on each fork of Walker 

Branch. 
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WEST FORK OF WRLKER BRRNCH 

OCTOBER 1971 THROUGH SEPTEMBER 1975 

Fig. 7. A comparison of observed and simulated monthly base flow from the 

West Fork of Walker Branch Watershed. 

STORMFLOW STUDIES 

Scope 

The hydrologic studies at Walker Branch are viewed as a necessary pre¬ 

cursor to understanding nutrient cycling and trace contaminants transport. 

We hypothesize that quick flow or storm flow is responsible for most transport 

of trace contaminants and of materials that are primarily associated with the 

surface of the soil mantle (Henderson et al., 1977). Thus our hydrologic stu- 
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dies also include an examination of storm flow that parallels the baseflow 

investigations. In particular, we are interested in identifying major flow 

pathways and quantifying yields of quick flow at Walker Branch. 

Field Studies and Data Processing 

The same data that were described earlier have been used in quick flow 

studies. Thus the data represent four years of record on both the East and 

West Forks of Walker Branch Watershed. They were processed using the hydro¬ 

graph separation method discussed previously. 

Analysis 

The values derived for monthly quick-flow totals for the East and West 

basins at Walker Branch are presented in Table 2. A visual inspection of the 

table indicates that there are no significant differences in yield between 

branches. This is confirmed by a paired t-test and a correlation coefficient 

in excess of 0.999 between flows on the two basins. The East Fork yielded 

87.92 cm of quick flow during the period compared with 87.94 cm of quick flow 

for the West Fork. Considering expected errors in the analysis, the agree¬ 

ment is remarkable. It strongly suggests that differences in total runoff 

yields between the East and West Forks (296.3 cm vs. 527.3 cm) can be 

explained entirely by groundwater transfer, and that stormflow runoff is 

virtually the same on both basins. 

The data in Table 2 also indicate that stormflow occurs primarily from 

November through May. This supports the well documented observation (e.g. 

Linsley et al., 1958) that runoff yield increases with increasing antecedent 

soil moisture. 

For example, when monthly quick flow is expressed as a percentage of 

precipitation, strong seasonal patterns appear. During the summer (June- 

September), the monthly quick flow is only 1 ± 1.5% of the precipitation. 

However in winter (December-March), quick flow averages 18 ± 13% of monthly 

precipitation. If one assumes that quick flow originates from areas in the 

basin that have low storage capacity, the data suggest a seasonal pattern in 

the extent of such areas. In summer, direct channel precipitation alone could 

account for most quick flow runoff. However in winter, a much larger part of 

the basin area must be involved. 
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Table 2. Calculated Monthly Quick Flows 

71-72 72-73 73-74 74-75 AVG. STD. 

East Fork of Walker Branch 
(Flow in cm) 

October 0 0.13 0 0 0.03 ± 0.06 
November 0 0.26 9.86 0.01 2.53 ± 4.89 
December 0.74 8.78 8.21 1.52 4.81 ± 4.27 
January 2.42 0.78 6.90 1.94 3.01 ± 2.68 
February 0.68 0.50 1.34 0.82 0.84 ± 0.36 
March 1.54 11.46 6.03 11.29 7.58 ± 4.75 
Apri 1 0.01 2.34 0.38 0 0.68 ± 1.12 
May 0.19 7.94 0.87 0 2.25 ± 3.81 
June 0 0.03 0 0.79 0.20 ± 0.39 
July 0 0.04 0 0 0.01 ± 0.02 
August 0.01 0.09 0 0 0.02 ± 0.04 
September 0 0 0 0.02 0.005 ± 0.01 

Average 0.47 ±0.78 2.70 ±4.16 2.80 ±3.78 1.37 ±3.20 1 .83 ±2.38 
Sum 5.6 32.4 33.6 16.4 22.0 ±13.4 

West Fork of Walker Branch 

(Flow in cm) 

October 0.02 0.11 0.02 0.03 0.04 ± 0.44 
November 0.01 0.26 10.31 0.07 2.66 ± 5.10 
December 0.89 8.86 8.44 1 .41 4.90 ± 4.34 
January 2.37 0.61 6.72 1.94 2.91 ± 2.65 
February 0.57 0.28 1.09 0.79 0.68 ±0.34 
March 1.47 12.15 5.83 10.97 7.60 ± 4.92 
April 0.07 2.10 0.32 0 0.62 + 1.00 
May 0.20 7.54 0.84 0.03 2.15 ± 3.61 
June 0.03 0.09 0.01 0.81 0.21 ± 0.40 
July 0.07 0.15 0 0.01 0.06 ± 0.07 
August 0.03 0.24 0.04 0.02 0.08 ± 0.10 
September 0.03 0.01 0.02 0.06 0.03 ± 0.02 

Average 0.48 ±0.75 2.70 ±4.27 2.80 ±3.87 1.34 ±3.10 1.83 ± 2.39 
Sum 5.7 32.4 33.6 16.1 22.0 ±13.4 

Simulation 

The short delay which characterizes quick flow response during storm 

events, coupled with observations of surface flow in channels that reach near¬ 

ly to the basin divides strongly suggest that the variable source area concept 

(Hewlett, 1961; Betson and Marius, 1969; Dickenson and Whiteley, 1970; Dunne 

and Black, 1970; Freeze, 1972; Lee and Delleur, 1972; Engman and Ragowski, 

1974; and Ishaq, 1975) is applicable to Walker Branch Watershed. Furthermore, 

since stormflow yield appears to follow soil moisture patterns, we hypothesize 

that drainage rates in the top 60 cm of the soil mantle can be used as an indi¬ 

cator of variable source area contributions to storm flow. 

The conceptual subsurface flow model contained in the TEHM is illustrated 

in Fig. 8. It contains three regions of interest: The root zone, which is 

assumed to contain the variable source areas; The soil-water transmission zone, 
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Fig. 8. A schematic diagram of the subsurface flow model that is included 

in the TEHM. 

which conveys surface drainage to the groundwater compartment, and the ground- 

water compartment, which was discussed earlier. Only the root zone is of 

direct interest here. 

Briefly, the storm flow component of the TEHM includes the assumption 

that quick flow runoff originates at source areas.' We hypothesize that there 

is a minimum extent of source areas that roughly corresponds to the perennial 

stream channel in a forested basin. As soil moisture and drainage increase, 

the extent of source areas also increases. The form of the relationship used 

in the TEHM is shown in Fig. 9. It depends on calculated drainage rates in 

the root zone, where drainage rate is a nonlinear function of soil moisture 

content. We assume that once a threshold drainage rate is reached, the con¬ 

tributing areas increase in size (linearly) until an upper bound is reached. 

Figures 10 and 11 show the results of applying the foregoing assumptions in 
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Fig. 9. The hypothesized relationship between drainage rate and direct con¬ 

tribution to streamflow from variable source areas. 

the TEHM to Walker Branch. The process of calibrating the variable source 

area model to the basin led to the inference that storm runoff is most closely 

related to drainage rates in the top 30 cm of soil, thus suggesting that storm- 

flow phenomena in the A-horizon are most important at Walker Branch. 

As a consequence of our storm flow results thus far, we have initiated 

a field study at Walker Branch to examine variable source area response. We 

are currently gathering the data needed to apply the variable source area 

stormflow model of Hewlett and Troendle (1975) in the belief that the results 

will allow us to identify sites for intensive study and meaningful experiments 

related to trace contaminant transport and nutrient cycling. These new studies 

represent the beginning of a second iteration of the process described in the 

introduction to this paper. 
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ERST FORK NRLKER BRANCH 

Fig. 10. A comparison of observed and simulated monthly storm flow from the 

East Fork of Walker Branch Watershed. 

EVAPOTRANSPIRATION STUDIES 

Scope 

The seasonality of watershed hydrologic response is well illustrated by 

the differences in stormflow generated by summer and winter precipitation 

events. The runoff buffering capacity of soils can result in very little 

stormflow from a summer storm, whereas with high soil water storage in winter, 

a small rainfall may generate considerable runoff. Under gravity flow, soil 

water will drain to a soil water potential of about 0.3 bar; however, the suc- 
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WEST FORK OF WALKER BRANCH 

Fig. 11. A comparison of observed and simulated monthly storm flow from the 

West Fork of Walker Branch Watershed. 

tion can be increased to more than 15 bars by evaporation and transpiration 

processes (Slatyer, 1967). The objective of the following discussion is a 

presentation of highlights of our studies of the seasonality of transpiration 

in a deciduous forest and its relationship to hydrologic response. 

Field Studies 

A soil block facility (2 m x 2 m area, 3 m depth)•sealed with a plastic 

liner on three sides and a concrete slab on the forth has been established 

at Walker Branch. It was flooded with water and monitored with tensiometers 
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and a neutron probe at eleven depths through the profile during free drainage. 

Soil hydraulic properties of the characteristic horizons are being calculated 

from these data using the instantaneous profile method (Watson, 1966). In an 

adjacent area of forest soil with deciduous vegetation, soil water content 

(neutron probe method) and suction (tensiometers) have been monitored at sev¬ 

eral depths down to 3 m since June, 1975. These data will be used to obtain 

estimates of forest evapotranspiration as described below. 

Data Processing 

A small computer program using a statistical analysis system will derive 

the relationships for both soil water content vs suction and hydraulic con¬ 

ductivity vs water content for each of the characteristic soil horizons from 

the data obtained in the soil block study. These relationships will be used 

as input functions in the simulation model. Field water balance calculations 

will then be made using the hydraulic properties discussed above and the soil 

water measurements from the vegetated soil. The law of conservation applied 

to the field water studies requires that 

Rainfall input = Interception + Evaporation + Transpiration + 

Drainage + Lateral Flow + Change in Water 

Storage. 

The drainage and change in water storage terms will be calculated from the 

field data. Rainfall records will be obtained from the nearest rain gauge on 

the watershed (300 m distant). The net change in lateral flow will be assumed 

negligible since the field site has negligible slope. The evapotranspirati on 

terms (first three on the right hand side) will be calculated by difference 

from the conservation equation. 

Analysis 

This part of the task awaits the completion of the data processing com¬ 

ponent. Another analysis of the water budget of Walker Branch Watershed 

(Henderson et al., 1977) applied the law of conservation to the whole catch¬ 

ment and estimated 65 cm/year of evapotranspiration for the period 1970-1976. 

There was no seasonal or monthly analysis given. 
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Simulation 

Many simulations of evapotranspiration have been made for Walker Branch 

Watershed with the TEHM code using best estimates of many of the input char¬ 

acteristics not yet experimentally determined. In the period October 71 to 

September 75 the simulated monthly evapotranspiration (Fig. 12) shows strong 

seasonality that is out of phase with the seasonality of the simulated water 

storage in the upper 1.5 m of soil. The period of high soil water storage 

corresponds with the periods of high stormflow runoff (compare Figs. 10, 11, 

and 12). The annual simulated evapotranspiration values for the four years 

shown in Fig. 12 are 63.6, 71.5, 61.1, 60.1 cm/year respectively. Henderson 

et al. (1977) estimated evapotranspiration at 57.2, 72.3, 58.6, and 63.3 cm/ 

year, for water years that began and ended one month earlier than the simu- 

ORNL-DWG 77-3361+ 

Fig. 12. A comparison between simulated evapotranspiration and simulated 

moisture storage in surface soils at Walker Branch Watershed. 
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lated periods. Direct comparison of the annual totals is inappropriate, but 

the four year totals agree within 2%. 

A key assumption in the simulation of source area behavior on the water¬ 

shed is that changes in the size of these areas may be directly related to 

the drainage rate in the surface soil horizons (Fig. 9). Continuing field 

studies of soil water dynamics and of variable source areas will evaluate the 

utility of this assumption. It is clear, however, that the seasonality of 

soil water storage levels, hence drainage rates, are related to stormflow 

runoff in the studies conducted to date. 

SUMMARY 

The examples presented earlier illustrate the utility of an integrated 

approach to watershed research. In particular, until hydrograph separation 

techniques were applied to the flow data for the Walker Branch sub-basins, it 

was not possible to unravel the apparent inconsistencies between basins and 

satisfactorily simulate flows for each independently. However, following the 

analysis, we have been able to confidently apply the simulation model to the 

examination of hypotheses about stormflow generation. For purposes of basic 

hydrologic research, we feel the combination of field study, data analysis, 

and modeling studies represents an optimum approach. 
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DISCUSSION 

Ambrose: Could you tell us which us are the most sensitive variables to get your storm 

water output? Which variables would you consider the knobs, the ones you have least 

information on and you have to calibrate? 

Huff: Soil moisture, in my estimation, near surface soil moisture is the critical 

indicator but that implies in order to be able to deal with that, a knowledge of the 

hydrolic properties of the surface soils. I'm talking about the water content pressure 

and the water content hydrolic conductivity relationships. It also implies a very good 

knowledge of what I call the subsurface topography where the impermiable layers are, 

where the fragipans are, where bedrock is relative to the surface, in other words soil 

thicknesses and not necessarily the thickness from the surface down to bedrock but how 

deep is that surficial soil before you get to an impeding layer and how important is that. 

I have done some work in remote sensing to actually map where these sources areas are. 

Ambrose: Were there any parameters where you just had to adjust it within a certain 

range to make it fit? Did you go through a calibration and verification process? 

Huff: Sure, the data that we used for the calibration as I recall was the 1970 and 71 

water years. The first two years or so of data they we had to work with. The things 

that are obviously fiddled with were initially, I didn't have any idea where the threshold 

was relative to soil moisture for guessing when the source areas would begin to 

contribute. One of the interesting things that comes out of this is that you can do a 

pretty good job on that watershed of simulating the baseflow during non-storm events 

just by unsaturated drainage from the soil column using the physical properties of the 

soil. The only thing that was really fiddled with was the relationship of when the source 

areas began and how fast they increased. 

Pluhowski: One other fact that I think you might consider is the intensity of the rainfall 

and the ability of the soil to absorb the rain. This is an extremely difficult thing. If you 

have an extremely intense rainfall which may be an inch an hour, obviously some of this 

must come off even though your computer model as stated here would not necessarily 
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account for that. 

Huff: You are absolutely right and as I said when I started out, this is a very imperfect 

representation. Essentially, what we were constrained with was we have very nice ET, 

interception loss and transpiration model that hooks up the plants and a little bit of the 

plant physiology with the soils and what I was trying to do was somehow marry that with 

this source area concept. In the future I think we have to go to at least a two 

dimensional representation of that whole system and somehow represent the differences 

from point to point in all of the things that determine infiltration capacities. In our 

soils we have essentially unlimited capacities as far as rainfall is concerned. If you just 

look at the soil hydrologic properties, I know that there are these source areas operating 

in that watershed. 

Pluhowski: I also think you were quite wise in cutting that thing off at about 75 percent 

in a dolomitic subsurface area where regardless of how intense the rain that stuff is 

simply going to go right on through so that the entire watershed never would be 

contributing. I suspect that toward the ridges, up toward the higher areas. You have to 

have a very detailed knowledge of the geology. 

Huff: One of the interesting things is that it may very well be that almost all of the 

water never even gets to the dolomite. 

Gburek: Are you using a soil moisture characteristic of the watershed such as at the 

beginning of your storm hydrographs? 

Huff: We do a continuous simulation. 

Gburek: Have you looked at the relationship between that soil moisture and your initial 

baseflow level going into your storm hydrograph? 

Huff: Yes. 

Gburek: How does that appear? 

Huff: There is a good correlation. Essentially what we did was we took the soil 

765 



hydrolic properties that were available from earlier studies and essentially just plugged 

them in. It turns out that the drainage rates which coincide with the gravimetric soil 

moisture analyses also generate the flow that you would expect. 

Gburek: In a different sort of way we have come up with the same thing where we have 

backed into soil moisture through calibration of the runoff volume and then related the 

backed into soil moisture with initial baseflow and found good correlations. Since you 

had to redefine the boundary between the east and west fork of the watershed, have you 

thought about changing the boundary of the watershed itself? 

Huff: Essentially what we are in the process now of doing is trying to get a lot more 

information on the whole subsurface sytem. We are going in that direction. 
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Abstract—Research at the Coweeta Hydrologic Laboratory is examining effects 

of management practices on elemental cycles in forested watersheds. Forest 

harvesting methods may alter both quality of streamwater draining forested 

lands (the off-site response) and sustainable productivity of forests being 

managed (the on-site response). Results from Coweeta suggest that long-term 

changes in water-quality are not likely to result from current management 

practices, but effects on sustainable yield are unknown. Simulation models 

of nitrogen cycling were used to assess potential effects of several 

management alternatives on sustainable productivity and elemental cycling. 

Responses of nitrogen dynamics in oak-hickory and loblolly pine forests to 

simulated merchantable-stem and complete-tree harvests with several rotation 

lengths were examined. Results suggest that some management practices may 

lead to long-term alterations of nitrogen cycling and productivity, and that 

conclusions from such simulation studies will depend on how elemental cycling 

models are conceptualized. Discussions emphasize the importance of 

evaluating land-management alternatives in the context of current knowledge 

of forest elemental cycling processes. 

767 



INTRODUCTION 

As discussed previously in this workshop (Monk et: al., this volume), 

research in progress at the Coweeta Hydrologic Laboratory has two broad 

objectives. On the one hand, research is designed to elucidate basic aspects 

of the organization and function of southern Appalacian forest ecosystems. 

Manipulation of entire forest ecosystems as part of the Forest Service's 

experimental watershed program at Coweeta allows us to alter ecosystem 

dynamics, and thereby to understand better how such ecosystems function in 

the unperturbed state, as well as how these systems respond to and recover 

from specific disturbances. Net budgets (i.e., input minus output) for 

selected elements provide holistic measures of ecosystem function and 

perturbation response (Swank and Douglass, this volume). Research is then 

focused on elemental cycling processes internal to watersheds as a means of 

explaining total ecosystem response as revealed by elemental budget data. 

Such a research design, focusing both on total ecosystem behavior and on 

elemental cycling processes at lower organizational levels, provides a 

convenient and efficient approach to the study of forest elemental cycles. 

A second complementary objective of our research program involves the 

application of basic knowledge being acquired about southern Appalachian 

forests to the evaluation of specific land-management alternatives. Resource 

management is synonomous with ecosystem management, and requires thorough 

understanding of functional characteristics of the ecosystem being managed. 

Elemental cycling is a critical ecosystem process, and provides a major 

mechanism for integrating specific populations which comprise a 

given ecosystem together into a holistic system. Thus, management techniques 

which seriously disrupt elemental cycles may well disrupt the entire 

ecosystem. Additionally, work at Coweeta and elsewhere has shown that 

cycles of certain key elements, especially nitrogen, are quite sensitive to 

forest alterations, and therefore serve as reliable indicators of ecosystem 

change (Swank and Douglass; Phillips et ad., all this volume). However, if 

resource management is to be effective, we must be able to predict 

consequences of specific management practices for elemental cycles before 

any significant degree of ecosystem deterioration has occurred. 
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Two major questions exist concerning the response of elemental cycles 

to management practices. The first we might refer to as the off-site 

response: What effect does a given management practice have on the quality 

of surface water draining the managed area? Such problems are currently 

under study by the Forest Service (Douglass and Swift; McSwain, all this 

volume). The second major area of concern might be referred to as the on¬ 

site response: What effect does a given management practice have on 

sustainable, long-tem productivity of the landscape area being managed? 

Such questions are more difficult to answer, and may be more critical over 

long time periods. For example, work at Coweeta and elsewhere has shown 

that, although elevated elemental losses are observed following forest 

cutting, and may persist for some elements up to about twenty years after 

treatment (Swank and Douglass, this volume), there are no long term 

delqterious effects on water quality. Similar statements cannot be made 

concerning effects on sustainable productivity, nor is it clear what trends 

might emerge. Yet, obtaining answers to such questions is now mandated by 

law. The "National Forest Management Act of 1975" requires that, for each 

management system to be used on Forest Service lands, it must be shown 

that it "will not produce substantial and permanent impairment of the 

productivity of the land...." 

These questions are especially critical today, in light of projected 

trends in forest management practices. Projections of future levels of 

wood fiber utilization suggest large increases in demand for forest products 

for the remainder of this century. Southeastern forests in particular are 

projected to supply an increasing share of the nation's need for wood 

products. Increased rates and amounts of harvest of woody material from 

forested lands may involve such practices as shortened rotation lengths, 

complete tree harvests, intensive site preparation techniques, and related 

methods. Such management practices raise severe questions in relation to 

sustainable productivity, which should be thoroughly assessed before these 

methods are used on a widespread basis. 

Our approach to addressing such questions has been to construct models 

of elemental cycles in forest ecosystems, and then to use these models to 

simulate possible effects of forest cutting alternatives on these systems. 

Because nitrogen regulates productivity in diverse forest types, and 
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because the nitrogen cycle is especially susceptible to disturbance, we will 

emphasize this element. The next section of this paper provides information 

on models used in this study. Following that, specific simulation results 

will be discussed and interpreted. 

THE SUMULATION APPROACH 

Models of the Nitrogen Cycle 

Nitrogen cycling models and simulation techniques used in this study 

have been described previously (Waide et al., 1974; Mitchell et al., 1975; 

Waide and Swank, 1975; Webster et al., 1975), and will only be summarized 

here. 

Figure 1 presents a compartmental model of the nitrogen cycle in an 

undisturbed oak-hickory forest at Coweeta. Data used to construct and 

quantify this model came from an intensive study of a 12.45 ha north¬ 

facing watershed (WS 18) at Coweeta. This watershed has served as a control 

for much early work on elemental cycling at Coweeta. This diagram depicts 

amounts of nitrogen contained in various storage compartments in the 

ecosystem (kg N/ha), transferred among pools (kg N/ha/yr), and retained in 

plant compartments as annual increments (kg N/ha/yr). Not shown in Fig. 1 

are various inputs to and outputs from the system. Inputs include inorganic 

nitrogen in precipitation (3.4 kg N/ha/yr) and nitrogen fixed by micro¬ 

organisms (10.9 kg N/ha/yr); outputs include inorganic nitrogen in stream- 

water and sediments (0.31 kg N/ha/yr) and denitrification (10.7 kg N/ha/yr) 

(Mitchell et al., 1975; Todd et al., 1975; Waide and Swank, 1975). Gains 

and losses of nitrogen in organic forms were not included here, as data 

have only recently become available. Remaining assumptions and data under¬ 

lying this nitrogen model are discussed by Mitchell et ad. (1975). 

It can be seen in Fig. 1 that most of the nitrogen in this forest is 

contained in large storage pools which turn over slowly. Over 80% of total 

nitrogen is bound within soil organic matter (turnover rate of .007 per 

year), with about 11% totally in plant pools (turnover rate of .138 per 

year). However, although the nitrogen cycle in this forest appears to be 

dominated by large compartments which turn over slowly, a dynamic portion of 

the cycle exists in the soil. As shown in the right-hand portion of Fig. 1, 

much greater amounts of nitrogen flow through microbial, NO3-N, and NH4-N 

770 



. S' 
rd fd 

td CD 
ft > 
g CD 
o CO 
o 
ft C 
p o 
o -h 
g p 
fd (d 

P 

U H P 
r-i CD 

P rd 4-1 
(d g co 

CO P 
P a3 
CO p P 
CD -H P 
p 
O in 

8 

P CD 
d) CO 
ft o3 

<d >< rH 
p cd .. 
O > P P 
P ’HO 
O - P 4-1 

■H 
,p fd p co 

I ,P P 
p \ 
03 3 
O - - 

ft P rP 
P P ft 
05 — (DO 

. . <D 
a) > 
CO i—I 
a) o3 

ft 
o o 

r—I P 
O P 
>1 -H 
u p 

P a) co 
£ o 
O P 
P P 
P -H 
o3 

CD O 
ft 
O 
p 
p 

a 
. . CD 
O P 

O 
CO p u A 

ft CD 
O P CO 
P g -H 
O P 

p g 

S’ 
T3 

4-1 P 
o cd 

p 
i—I CO 

CD 
TD P 
O P 

- P 
ft • 

P 03 CO 
>rH CD 
\ T3 > 

o3 i—I 
rP rH cd 
\ 03 ,P 

O rP 
CD ft P 
CO P 
CD '— CD 
P P 
ft Eh 

P CO 
P CD 
03 X 
ft O 

e-° 
U CD 

ft 
P 

P 

J3 
p 

•H 
P 
P • P 
CD -— 03 
g P 03 

CD >i ft 
P \ ft o cd cd 
P P 

-H \ CO 
Z P 

p p 
• rd O ft CD 

i—i r—i ■H P g 
P — P 

CD CD os P 
P Tl P CO 03 
P -H CD p ft 
ft CO ft p g 

•H P CD (D 0 
IP -H > g O 

771 



pools than are contained within them, and turnover rates for these three 

compartments are quite high. This rapidly recycling part of the nitrogen 

cycle may be largely responsible for nitrogen conservation in this ecosystem 

(Mitchell et al., 1975), and may be important in regulating ecosystem 

response to specific management practices (Waide and Swank, 1975). Hence, 

analyses which ignore or obscure this part of the nitrogen cycle may not 

accurately depict the response of the forest to disturbance. 

In undertaking this study, we were interested not only in evaluating 

the response of the nitrogen cycle in the oak-hickory forest on WS 18 to 

management alternatives, but also in comparing the response of this forest 

to that of other southeastern forests. However, similar studies available 

for comparison have not provided such a fine-resolution compartmentalization 

of nitrogen cycling (e.g., Boyle et al., 1973; White, 1974; Henderson and 

Harris, 1975; Jorgensen et al., 1975; Patric and Smith, 1975; Wells and 

Jorgensen 1975; Wells et ad., 1975). Thus, to facilitate comparison with 

other studies, a lumped, seven-compartment version of Fig. 1 was constructed 

by combining and eliminating various compartments (Fig. 2). Comparison of 

these two figures reveals which pools were eliminated, or were combined with 

others into new compartments of the lumped model. Of special importance is 

the fact that microbial, NO3-N, and NH4-N pools of the expanded or fine 

resolution model (Fig. 1) are all contained within the single soil pool of 

the more coarsely resolved model (Fig. 2). Hence, their contribution to 

nitrogen dynamics has been totally obscured in the smaller model. We should 

emphasize that these two models are based on the same data, but simply 

represent different levels of resolution of nitrogen dynamics. 

The southeastern forest chosen for comparison with the Coweeta oak- 

hickory forest was a loblolly pine plantation in the Duke forest. Loblolly 

pine is the most important commercial tree species in southeastern forests, 

and many contrasts exist between the two forest types (e.g., natural forest 

vs managed plantation; uneven aged, many species vs even aged, monoculture; 

deciduous vs evergreen; etc.). The compartmental model shown in the right- 

hand portion of Fig. 2 is specifically based on data from a plantation 

established in 1953, and thinned in 1968 at age 16 (Jorgensen et ad., 1975; 

Wells and Jorgensen, 1975; Wells et. al_. , 1975) . Data used here were based 

upon standing crops and transfers at age 16, and were used as originally 
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reported except as discussed by Waide and Swank (1975). Inputs and outputs 

for this forest include precipitation (+ 5.45 kg N/ha/yr), nitrogen 

fixation (+ 1.0 kg N/ha/yr), and losses to groundwater (- 0.70 kg N/ha/yr). 

A denitrification estimate was not available for this forest. 

Figure 2 shows that the nitrogen cycle in this forest is also dominated 

by large storage pools which turn over slowly. Over 73% of total nitrogen 

is contained within the soil (turnover rate of .060 per year), with about 

13% in combined plant compartments (turnover rate of .284 per year). 

Nitrogen in vegetation is about 58% of that in the Coweeta oak-hickory 

forest, while over twice as much nitrogen is contained in litter in the 

loblolly plantation. But, the soil nitrogen pool in the Coweeta forest 

is about twice that of the pine forest. The two models shown in Fig. 2 

are conceptualized at similar levels of resolution, so that as in the 

lumped Coweeta model, the functionally important role of microbial and 

free inorganic nitrogen pools is obscured by this representation of the 

loblolly nitrogen cycle. 

Simulation of Management Alternatives 

Simulation models based upon the three compartmental models were 

constructed using techinques outlined elsewhere (Waide et al., 1974; Waide 

and Swank, 1975; Webster et al., 1975). These simulation models were then 

utilized to examine potential effects of management alternatives on nitrogen 

cycles in these two forests. Management practices simulated for the 

oak-hickory models included (i) merchantable stem harvest, 90 yr rotation 

length; (ii) complete-tree harvest, 90 yr rotation; and (iii) merchantable 

harvest, 50 yr rotation. Management alternatives considered in loblolly 

pine simulations were (i) merchantable harvest, 30 yr rotation; 

(ii) complete-tree harvest, 30 yr rotation, with residue removal; and 

(iii) merchantable harvest, 30 yr rotation, with pulpwood thinning at age 

16. As used here, residue refers to above- and belowground portions of 

plants, including litter, remaining on site after removal of forest products. 

Inclusion of residue removal was intended to simulate intensive management 

practices which may be used in pine plantations. All management 

alternatives considered here are realistic practices currently in use 

or potentially usable in these forest types. Forest fertilization 

following cutting was not considered an alternative in any simulations. 
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The exact methods of simulating these management practices are 

detailed by Waide and Swank (1975). Four successive rotations were 

simulated for each type and frequency of cut for each model. We will 

consider simulated effects of management alternatives on the three nitrogen 

models by examining model outputs for three composite nitrogen pools in 

each model: amount of nitrogen contained totally in (i) all above-ground 

portions of plants; (ii) all litter pools, including both woody and leaf 

litter; and (iii) all non-living soil pools, including NO3-N and NH^-N 

where appropriate. Using these simulated results, we will make two types 

of comparisons. First, results of the expanded and lumped oak-hickory 

models will be compared, to examine how the degree of system conceptualiza¬ 

tion affects the results of such a simulation study. Second, results of 

the lumped hardwood model will be compared with those of the pine model. 

These two models were conceptualized at similar levels of resolution, and 

such comparisons should be meanignful. 

In a related paper, Waide and Swank (1975) used this approach to 

examine potential changes in forest yield after several rotations for the 

management practices considered here. Results of this earlier study showed 

that some management alternatives may definitely lead to long-term 

decreases in forest productivity. We are concerned here with internal 

properties or characteristics of nitrogen cycles which might regulate or 

cause changes in yield. 

SIMULATION RESULTS 

Nitrogen Removal Due to Harvest 

The first question to ask concerning management impacts on nitrogen 

cycling relates to the amounts of nitrogen removed from each ecosystem for 

each simulated type and frequency of cut. Table 1 presents simulation 

results on amounts of nitrogen removed (kg/ha) in forest products or as 

logging residue, as well as annual nitrogen removal rates (kg/ha/yr), 

over three simulated rotations. The greatest impact for both forest types, 

measured either as amount of nitrogen removed or as annual removal rate, 

was greatest for simulated complete-tree harvests. For the oak-hickory 

models, the second highest amounts of nitrogen removed occurred in 

merchantable harvest simulations with 90-year rotations. However, shorter. 
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50-year rotations had higher annual rates of nitrogen removed than did 

90-year rotations. For the loblolly pine model, the second highest impact 

was the simulated thinning alternative, while the least impact occurred for 

the unthinned, merchantable harvest simulation. 

In comparing across models, values for the lumped oak-hickory model 

are seen to be higher than comparable values for the more finely resolved 

Coweeta model. As discussed below, the more coarsely lumped model predicts 

less severe effects on the oak-hickory forest than does the fine resolution 

model, and hence greater yields in terms of amounts of nitrogen removed 

from the ecosystem as forest products. Comparisons of the lumped oak- 

hickory model and the loblolly model reveal higher total amounts of nitrogen 

removed from the hardwood forest, but greater annual rates of nitrogen 

removal for the pine model due to much shorter rotation lengths for this 

model. 

Impacts due to forest harvesting can be placed in perspective by 

comparing values in Table 1 with streamwater nitrogen losses following 

cutting. Swank and Douglass (this volume) reported increased losses of 

NO3-N of about 2 kg/ha/yr following cutting of Coweeta forests. Hence, 

rates of nitrogen removal in forest products (Table 1) are greater than 

are rates of NO^-N loss in streamwater attributable directly to logging. 

However, these streamwater values do not include organic forms of nitrogen, 

and the comparison is incomplete. As data from a current logging study at 

Coweeta become available, the importance of stream losses will be more 

completely evaluated. Swank and Douglass also reported that such increased 

rates of streamwater losses typically do not persist for longer than 20 

years at Coweeta, giving a maximum total streamwater loss of nitrogen 

following cutting of about 40 kg N/ha/rotation, again much smaller than 

simulated rates of nitrogen removal in forest products. Hence, unless 

post-cutting conditions foster extremely elevated NO3-N and/or organic 

nitrogen losses (e.g., Likens et al., 1969), nitrogen removal from forest 

ecosystems in harvestable products is likely to have more severe on-site 

impacts on forest nitrogen cycles than will elevated stream losses following 

cutting. 

Changes in Nitrogen Pool Sizes 

Figure 3 depicts nitrogen dynamics in aboveground plants, litter, and 

soil for simulations involving the expanded oak-hickory model (Fig. 1). 
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Figure 3. Simulation results for the expanded oak-hickory model (Fig. 1) . 

Shown are simulated amounts of nitrogen in aboveground plants, litter, and 

soil over four rotations of each type and frequency of cut. Simulated 

results of an uncut forest are shown for comparison. Labe]s on graphs 

refer to the type of cut (Table 1). 

778 



Simulated curves are shown for each management alternative considered, as 

well as for an uncut forest. Discrete breaks in plant graphs occur at 

times of simulated cutting. Part of the nitrogen contained in plants is 

removed from the system at these times, and the rest is transferred to 

litter pools causing the sudden peaks in litter graphs at these times. 

The plants then regrow from zero until the forest is again "cut," at 

50- or 90-year intervals. Curves for the various harvesting strategies 

follow curves for the uncut forest exactly up to the time of first cutting 

(i.e., up to a time of 50 or 90 years). Peaks in litter graphs for 

complete-tree harvest simulations are much smaller than for merchantable 

harvest simulations because more material is removed from the system 

in complete-tree simulations, and hence less is transferred to litter pools 

at times of cutting. 

Several trends are obvious in Fig. 3. First, curves for all three 

management alternatives lie significantly below the curve for the uncut 

forest. Peaks in litter graphs for simulated cuts may cross the curve * 

for the "control" forest, but the smoother post-cutting portions of these 

graphs lie below the control graph. Although significant amounts of 

material are added to litter pools at times of cutting, this material 

decays rapidly. Litter pool sizes never recover to uncut levels since 

litter fall inputs are decreasing as shown by trends in plant graphs. 

Hence, all three management practices may lead to depletion of nitrogen 

pool sizes in hardwood forests. Additionally, the magnitudes of differences 

between simulated cut and uncut forests increase in later rotations, showing 

that nitrogen depletion may increase with increasing time of management. 

Finally, the complete-tree harvest seems to have the greatest negative 

effects on nitrogen pool sizes. This is especially evident in soil nitrogen 

graphs. Simulated merchantable harvests with 90-year rotation lengths gave 

the least impact, although nitrogen depletion is still obvious for these 

simulations. The shorter rotation is intermediate in the degree of change 

it produces in nitrogen pool sizes. 

Figure 4 presents similar simulation graphs for the lumped oak-hickory 

model. The format of these graphs is the same as for Fig. 3. Although 

simulation results shown in Fig. 3 and 4 are results of two models of the 

same system, several striking differences can be observed. First, effects 
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Figure 4. Simulation results for the lumped oak-hickory model (Fig. 2). 

Shown are simulated amounts of nitrogen in aboveground plants, litter, and 

soil over four rotations of each type and frequency of cut. Simulated 

results of an uncut forest are shown for comparison. Labels on graphs refer 

to the type of cut (Table 1). 
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of cutting practices on nitrogen cycles predicted by the two models are 

quite different. The lumped model predicts that all three cutting alter¬ 

natives will be less damaging (Fig. 4) than does the expanded model (Fig. 3). 

This difference is especially obvious in soil graphs for the lumped model, 

where curves for merchantable harvests closely parallel the curve for the 

uncut forest. Moreover, trends observed in Fig. 3 for increasing nitrogen 

depletion through time are not seen in Fig. 4, except for complete-tree 

harvest simulations. The only similar result is in the relative ranking 

of the three harvesting methods, with the greatest impact for the complete- 

tree harvest and the least for the merchantable harvest with a 90-year 

rotation. 

Differences in simulation results for these two models of the Coweeta 

oak-hickory forest are due to different levels of resolution of the two 

models. Specifically, the lumped model has obscured the functionally 

important role of microbial, NO3-N, and NH4-N pools in forest nitrogen 

cycles. These three compartments have extremely high turnover rates, and 

significantly regulate forest response to management perturbations. Plants 

take up nitrogen from pools of free nitrate and ammonium in soil, rather 

than from some amorphous pool of soil organic nitrogen. Hence, any 

disturbance which significantly affects these nitrogen pools will have 

a significant effect on the entire forest ecosystem. Clearly, then, the 

way in which a given system is conceptualized will strongly influence 

conclusions on the effects of management practices on ecosystem elemental 

cycles. 

Comparable results for loblolly pine simulations are shown in Figure 5. 

The only difference in the format of these graphs is tha presence of the 

simulated "pulpwood thinning" (graphs labelled "C"), which produces mid¬ 

rotation deviations in several of the graphs. There was little difference 

between the two simulated merchantable stem harvests, and neither simulated 

cutting differed substantially from the uncut forest simulation. This 

result is especially obvious in soil graphs, where simulated merchantable 

harvest curves lie above the uncut simulation. In contrast, results of the 

simulated pine complete-tree harvest reveal the greatest nitrogen depletions 

of any of the simulated cutting alternatives for any model. If sufficient 

data had been available to construct an expanded model of pine nitrogen 
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BanVEERDUND 

Figure 5. Simulation results for the loblolly pine model (Fig. 2). Shown 

are simulated amounts of nitrogen in aboveground plants, litter, and soil 

over four rotations of each type and frequency of cut. Simulated results 

of an uncut forest are shown for comparison. Labels on graphs refer to 

the type of cut (Table 1). 
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cycling, simulated changes in nitrogen pool sizes might be even larger 

than seen in Fig. 5. 

These simulation results are summarized in Table 2. Values are 

presented by model and type and frequency of cut for the composite nitrogen 

pools graphed in Figs. 3-5. Nitrogen pool sizes at the end of the fourth 

rotation are compared with those at the end of the first rotation. Changes 

in pool sizes are expressed as (i) the absolute magnitude of the change 

(kg/ha), (ii) the percent change, and (iii) what % the absolute change is 

of the total amount of nitrogen removed from the system in cutting operations 

over three rotations (Table 1). For the expanded oak-hickory model, all 

changes are negative. The greatest absolute and percent changes are seen 

for the complete-tree harvest, while the smallest changes are seen for the 

merchantable, 90-year harvest. However, when changes are expressed as a 

percent of nitrogen removed in cutting operations, the greatest change is 

seen for the 50-year rotation and the least for the complete-tree harvest. 

For the lumped Coweeta model, the greatest negative changes, no matter how 

they are expressed, occur in the complete-tree harvest. Small negative or 

positive changes are seen for the 50-year rotation, and larger positive 

changes for the 90-year rotation. Similarly, in the loblolly simulations, 

large negative changes occur in the complete-tree harvest, small positive 

changes in the thinning alternative, and larger positive changes in the 

unthinned case. 

Comparisons across models reveal that all simulated changes for the 

expanded Coweeta model are more negative than for the lumped model. For 

the oak-hickory and loblolly models conceptualized at similar levels of 

resolution, changes are more negative for the pine model for complete-tree 

simulations, but more positive for other simulations. This latter result 

may be due to the fact that simulated rotations for the loblolly forest 

were shorter than for the oak-hickory forest, both in absolute terms and 

as a proportion of the time required for the ecosystem to reach a steady 

state in nitrogen cycling. That is, nitrogen pool sizes in the uncut case 

are increasing at a faster rate in the loblolly model at 30 years than in 

the oak-hickory models at 90 years. Also, an estimate of nitrogen lost from 

this forest via dentrification was not available, perhaps making the net 

difference between model inputs and outputs larger than it should be. In any 
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case, this net nitrogen accumulation for the pine model (+4.75 kg N/ha/yr) 

is larger than for the Coweeta models (+3.29 kg N/ha/yr). 

CONCLUSIONS 

In concluding this paper, we do not wish to belabor points already 

raised, but rather to emphasize briefly additional aspects of this study. 

First, we do not offer results presented here as exact, quantitative 

predictions of effects of management practices on nitrogen cycles in 

southeastern oak-hickory and loblolly pine forest ecosystems. In many 

ways, models of nitrogen cycling used here are incomplete and oversimplified. 

Basic information is lacking on what ecological processes regulate the extent 

of forest disruption, as well as the extent and rate of recovery, following 

forest disturbance. Until our knowledge of regulatory processes affecting 

elemental dynamics in forest ecosystems improves, all predictions such as 

those offered here will remain tentative. But that should not prevent us 

from attempting to apply our presently limited knowledge to the evaluation 

of forest management techniques. At Coweeta we are currently studying the 

specific effects of forest cutting on elemental dynamics in another oak- 

hickory forest (Monk et_ ad.; Douglass and Swift, all this volume). This 

study and others in progress at Coweeta will help to improve both our 

knowledge and our models of elemental cycling processes in southern 

Appalachian forests. Thus, models are being used in our work as evolving 

hypotheses, continually being refined and improved, but nonetheless 

useful at each stage of development to evaluate alternative management 

practices. 

In spite of the above qualifications, we do feel confident about 

qualitative and comparative aspects of our predictions. If anything, we 

suggest that predications offered here are conservative estimates of changes 

expected in southeastern forests subjected to intensive management practices. 

Many of the regulatory processes currently not accounted for in our models 

of elemental cycling act in complex fashions, and may involve threshold- 

types of behavior. Such regulatory processes typically lead to extreme 

disruptions of elemental cycles once certain limiting values are surpassed 

(Hutchinson, 1948). For example, models currently predict smaller increases 

in streamwater NO3-N losses than we have measured at Coweeta, reinforcing 

the idea that predictions of management effects on nitrogen cycling are 
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probably conservative. Perhaps more importantly, effects of forest 

practices on nitrogen cycles will be site specific, and the two sites 

considered here are relatively high quality sites. Effects are likely 

to be much more severe on less fertile soils where nitrogen pools are 

smaller. 

Finally, we should emphasize again the importance of applying basic 

ecological knowledge to the evaluation of proposed and actual forest 

management techniques. Management alternatives must be considered in the 

framework of a sound conceptual approach to ecosystem processes, as well 

as in relation to their specific impacts on forest elemental cycles. At 

present, modeling studies are the only means we have available to provide 

short-term answers to serious problems which may develop over a long period 

of time. Results presented here in fact strongly suggest that intensive 

forest management alternatives may have serious consequences for forest 

nitrogen cycles, and hence for sustainable forest productivity. 
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DISCUSSION 

Bliven: Do you have any data to go with that more sophisticated model? Is it really a 

better predictive model or is that just a hypothesis? 

Waide: At this point, it is strictly a hypothesis. I would hope that it is in the sense that 

it’s a more finely resolved look at the system. As you may remember, from some of the 

previous talks based on Coweeta, they were currently in the process of doing a clear 

cutting in one of the forests at Coweeta. We hope to look at these kinds of results in 

the context of that clear cut and hopefully not only evaluate the results but use the 

information gained there to improve our models. The model in many senses is very 

simplistic and that's why I'm not really enamored with the exact quantitative 

predictions. But, at the present time, no, I can't say that one is a better representation 

although I would hope that the more finely resolved model is. 
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SAMPLING METHODOLOGIES FOR ASSESSING RURAL RUNOFF 

F. J. Humenik, F. Koehler, L. Bliven 
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Raleigh, N.C. 27607, U.S.A. 

ABSTRACT—Sample methodologies for obtaining information to describe small 

rural streams are evaluated. Two types of sampling, grab and automated, were 

utilized in the present study. Estimates from both types of sampling are 

presented, and the implications of the differences in data retrieved are 

discussed. Instrumentation and associated hardware for automated sampling 

sites are detailed, and the rationale utilized in the design of the automated 

sampling program is explained. The suite of parameters measured is described 

and the relative importance of each parameter as an indicator of water quality 

is discussed. The concept of an essential set of parameters is introduced and 

some tentative conclusions are proffered. The use of climatological data to 

estimate the total number of field trips necessary to satisfy data base re¬ 

quirements within a project time span is presented. Many researchers have 

investigated methods for estimating annual sediment yields from relatively 

few data points using the flow-duration sediment-transport method. The fea¬ 

sibility of this concept to calculate the average annual transport of total 

nitrogen and total phosphate was investigated. The usefulness and limitations 

of this method are discussed. 
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INTRODUCTION 

The quantification and understanding of nonpoint sources of water pollu¬ 

tion over a large area is a complex problem. Many factors affect the magni¬ 

tude of water quality parameters, factors such as soil topography, land use, 

population densities and many others. These factors are different in each 

small watershed; thus each drainage basin will have different hydrologic and 

water quality characteristics. Two methods of assessing these characteristics 

were employed in this study, random grab sampling and instrumented sampling. 

Fifteen watersheds were randomly selected to be grab sampled and five of these 

15 were chosen as instrumented sites. The watersheds ranged in size from 52 

to 9,842 ha. 

SAMPLING STRATEGY 

The 15 watersheds were grab sampled in random order twice during a four- 

week interval. Thus, each watershed was grab sampled 26 times a year. On 

each visit a depth integrated water sample for chemical analysis was obtained 

and the flow was measured so that transports could be calculated. These flow 

measurements were also used to establish a stage-discharge relation at the 

instrumented sites. 

Each instrumented site was visited once a week. The instrumentation 

consisted of a stage recorder, tipping bucket rain gage and an automated 

water sampler. At each visit the stage record, rain record and any water 

samples were removed. The water sampler was stage activated and collected up 

to 28 discrete samples. The sampler was actuated at each 0.076 m stage rise 

or fall with two subsamples composited to obtain a 0.152 m stage change 

sample. The time of sample collection was marked directly on the hydrograph 

by an electronic circuit connected to the automated sampler. 

CHEMICAL ANALYSES 

Chemical analyses were run on all samples for total Kjeldahl nitrogen 

(TKN), total phosphate (t-P04), nitrate (N03), and chloride (Cl) by automated 

procedures using a Technicon Auto-analyzer II (Overcash et_ al_., 1975). One- 

half of all samples were analyzed for total organic carbon (TOC) and chemical 

oxygen demand (COD) by methods outlined in Standard Methods (AHPA, 1971), and 

one-quarter were analyzed for ammonia (NH3) (Overcash et_ a]_., 1975). In 

addition, one-half of all grab samples were analyzed for orthophosphate 

(0-PO4), sediment load and sediment associated transport (APHA, 1971). 
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SAMPLING DATA ANALYSES 

The instrumented sites serve three purposes. First, they provide a 

comparison to grab sampling estimates; second, the more intensive data facil¬ 

itate mechanistic interpretations of observed phenomena; and third, the data 

base is used as input to a mathematical model. The comparison between instru¬ 

mented and grab sampling has been made on a per visit basis (12-16 days) as 

this is the interval used in the grab sampling scheme. Records from two sites, 

one in the Coastal Plain and one in the Piedmont (Humenik et al_., 1977), have 

been examined to date. The flow estimates from the Piedmont Site (Site M-3) 

are presented in Table 1. 

Table 1. Comparison of flow estimates for Piedmont Site M-3. 

Estimate From Continuous 

Stage Record 

(m3) 

Estimate From 

Grab Sampling 

(m3) 

Difference Between 

Estimates 

(m3) 

169,842 234,069 -64,227 

16,448 30,518 -14,070 

99,349 31,425 67,924 

184,417 36,589 147,828 

2,342,293 593,796 1,748,497 

222,146 252,782 -30,636 

297,064 151,704 145,360 

561,691 67,776 493,915 

535,447 320,399 215,048 

412,098 408,195 3,903 

645,755 2,587,158 -1,941,403 

TOTALS 5,486,550 4,714,411 772,139 

For 11 visits the estimate from grab sampling is 86 percent of the value from 

the continuous record. The comparison of transport estimates for N03, TKN, 

t-P04, and Cl are shown in Table 2. The grab sampling estimate is higher 

for N03 (80 percent), TKN (9 percent) and Cl (24 percent) but lower for 

t-P04 (68 percent). 
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Table 2. Comparison of transport estimates for Piedmont Site M-3. 

Grab 

no3 

(kgl 

Auto Difference Grab 

TKN 
Tlcg) 

Auto Difference 

30 10 -20 449 170 -279 

4 2 -2 49 13 -36 

1 9 8 18 104 86 

1 9 8 51 355 304 

18 71 53 220 2,700 2,480 

15 13 -2 88 78 -10 

0 0 0 44 86 42 

1 17 16 23 651 628 

10 14 4 74 646 572 

12 9 -3 155 415 260 

207 12 -195 5,684 1,097 -4,587 

TOTALS 299 166 -133 6,855 6,315 -540 

t-P04 Cl 

(kg) (kg) 

Grab Auto Difference Grab Auto Difference 

14 0 -14 652 542 -110 

4 21 17 124 59 -65 

3 14 11 89 351 262 

4 40 36 124 595 471 

59 281 222 1,959 7,495 5,536 

18 16 -2 1,425 1,251 -174 

70 137 67 537 1 ,051 514 

3 67 64 342 1,797 1,455 

19 73 54 1,441 1,777 336 

12 35 23 1,673 1,200 -473 

241 68 -173 14,143 1,906 -12,237 

TOTALS 447 752 305 22,509 18,024 -4,485 
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Flow estimates for a Coastal Plain site (site P-10) are listed in 

Table 3. 

Table 3. Comparison of flow estimates for Coastal Plain Site P-10. 

Estimate From Continuous 

Stage Record 

(m3) 

Estimate From 

Grab Sampling 

(m3) 

Difference Between 

Estimates 

(m3) 

97,322 25,958 71,364 

29,381 29,514 -133 

64,528 13,243 51,285 

122,833 19,958 102,875 

371,688 135,116 236,572 

17,631 76,280 -58,649 

269 11,069 -10,800 

20,398 35,002 -14,604 

33,073 26,998 6,075 

83,510 25,380 58,130 

207,781 36,938 170,843 

188,771 72,970 115,801 

299,842 190,149 109,693 

280,831 160,289 120,542 

589,046 665,926 -76,880 

168,012 117,172 50,840 

TOTALS 2,574,916 1,641,962 932,954 

For 16 visits the estimate of flow from grab sampling is 64 percent of the 

value from the continuous record. The comparison of transport estimates are 

presented in Tables 4a and b. For this site the grab sample estimates of 

transports are lower than those from automated sampling, for NO3 (51 percent), 

TKN (40 percent), t-POq. (38 percent), and Cl (83 percent). 

These comparisons are from a limited number of visits and it is expected 

that as the sample size increases, the total estimates will be in closer 

agreement. However, examination of Tables 1-4 indicates that in a short 

time interval the estimates may vary widely. 
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As an extreme example, a 28-day period at site P-10 was examined. This 

period was extremely dry with low flows for 26 days, but the last two days 

had heavy rains and large amounts of runoff. The flow and transport were 

separated into baseflow and runoff components, shown in Table 5, indicating 

that most of the flow and almost all the transport occurred during the intense 

runoff period. Table 6 displays values for another Coastal Plain site (P-8) 

where the flow and transport were apportioned to the rising and falling limbs 

of the hydrograph. In this swampy watershed the greatest transport and flow 

occurs during the recession period. Thus a tentative conclusion formulated 

is that for obtaining estimates of long-term averages and yields, random grab 

sampling is satisfactory; but for mechanistic interpretations, continuous 

monitoring yields additional information but at a higher cost. 

Table 4a. Comparison of transport estimates for Coastal Plain Site P-10. 

N03 TKN 

(kgT Tkg) 

Grab Auto Difference Grab Auto Difference 

2 94 92 58 292 234 

1 4 3 66 52 -14 

1 46 45 4 113 109 

1 46 45 22 463 441 

18 63 45 195 775 580 

6 4 -2 66 41 -25 

1 1 0 0 1 1 

0 1 1 14 43 29 

0 1 1 4 58 54 

1 7 6 7 162 155 

1 50 49 41 324 283 

25 75 50 65 302 237 

93 75 -18 200 276 76 

29 29 0 151 250 99 

120 128 8 752 1,269 517 

20 2 -18 121 34 -87 

TOTALS 319 626 307 1,766 4,455 2,689 
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Table 4b. Comparison of transport estimates for Coastal Plain Site P-10. 

TOTALS 

t-P04 Cl 

(kg) (kg) 

Grab Auto Difference Grab Auto Difference 

1 52 51 262 455 193 

2 5 3 276 125 -151 

1 11 10 128 274 146 

1 3 2 192 315 123 

22 72 50 924 809 -115 

13 7 -6 412 142 -270 

1 1 0 108 2 -106 

2 13 11 328 162 -166 

7 13 6 276 282 6 

2 48 46 254 761 507 

2 75 73 203 1,093 890 

4 60 56 628 1,121 493 

13 65 52 1,236 2,101 865 

10 32 22 1,282 1,299 17 

73 203 130 2,531 2,872 341 

100 6 -94 914 110 -804 

254 666 412 9,954 11,923 1,969 

Table 5. Baseflow vs. runoff transport for Site P-10. 

Duration 

In Hours 
Flow COD TKN N03 

Baseflow 623 25 % 1 .7% 00
 

cn
 

5
^

 

Runoff 49 75% 98.3% 92% 95% 
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Table 6. Transport analysis for Coastal Plain Site P-8. 

Variable N Hourly Mean Total Flux 

ALL DATA 

Flow 672 192 m3 129,524 m3 

TKN 672 284 gm 191 kg 

no3 672 5 gm 4 kg 

COD 672 13,786 gm 9,264 kg 

BASE FLOW 

Flow 478 77 m3 36,806 m3 

TKN 478 105 gm 50 kg 

no3 478 1 gm 0.8 kg 

COD 478 5,500 gm 2,629 kg 

RISING STAGE 

Flow 29 551 m3 15,979 m3 

TKN 29 984 gm 28 kg 

no3 29 29 gm 0.8 kg 

COD 29 46,543 gm 1,349 kg 

FALLING STAGE 

Flow 165 462 m3 76,230 m3 

TKN 165 680 gm 112 kg 

NO 3 165 11 gm 1.9 kg 

COD 165 32,035 gm 5,286 kg 

RECOMMENDED PARAMETERS 

The suite of parameters to measure is a concern in any water resources 

investigation because of the high costs of chemical analyses. Means to 

reduce the number of analytical determinations while adequately defining 

ambient conditions are often sought. In this study the chemical parameters 

measured were COD, TOC, 0-PO4, t-P04, NH3, N03, TKN, Cl and suspended solids 

(SS). The findings that most organic material reaching these streams is 

relatively stable and that the COD-TOC ratio is reasonably constant (Overcash 

et al., 1977) indicates that a decision to measure only COD would seem 

reasonable. The question of whether to measure 0-PO4 or t-P04 is often 

raised. In the basin under study, two factors seem to indicate t-P04 may be a 
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better choice. First, 90 percent of all phosphate measured was in the ortho 

form; second, extensive swamps and a shallow, sluggish estuary promote t-P04/ 

0-PO4 interconversions (Brinson, 1976). 

Ammonia is the nitrogen form most readily utilized by algae; thus it is 

often included in an analysis scheme. However, the facile interconversion of 

N03 to NH3 by enzymatic catalysis (Hobbie, 1975) and in-stream mineralization 

of organic nitrogen to ammonia may lend credence to the belief that measured 

NH3 values are not truly indicative of the nitrogen levels available for 

algal growth. Chloride levels are in general related to precipitation inputs 

(Gambell and Fisher, 1966) and while highly elevated levels may be indicative 

of gross pollution, in small rural streams the value of this measurement is 

debatable. Suspended solids at high levels interfere with ecosystem function 

thus this parameter is an important descriptor of stream quality. Therefore, 

a tentative suite of essential parameters is proposed to consist of COD, 

t-P04, N03, TKN, and SS. 

RUNOFF SAMPLING 

The finding that most transport occurs during runoff, evidenced by 

analysis of data from automated stations, and that baseflow conditions remain 

relatively constant over long time spans, leads to the concept of designing 

a sampling scheme for measuring runoff events. Since a study area may be 

some distance from the monitoring agency office, regional climatology and 

daily weather predictions become an effective aid to maximize the number of 

field trips which result in the measurement of rainfall-runoff events. The 

use of rainfall predictions for designing a runoff sampling strategy is 

illustrated in Table 7. Five years of rainfall predictions from the 

National Oceanic and Atmospheric Administration forecasts were compared to 

rainfalls measured. Figure 1 is a graph of the predicted number of trips 

necessary on an annual basis and the predicted number of "successes"; i.e., 

a significant runoff, judged to result from rainfall of one-half inch or 

greater for rainfall probabilities of 60 percent, 70 percent, 80 percent and 

90 or greater percent. Thus, if sampling was initiated only when the 

probability of rainfall was 90 percent or greater, the chance of having 

runoff would be 60 percent; but only three events per year would be measured. 

Conversely, chosing 60 percent as the breakpoint would involve 52 trips with 

a ratio of success of 28 percent; but 15 events would, on the average, be 
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Table 7. Crosstabulation table of precipitation probability vs. measured 

precipitation. 

Frequency Precipitation Measured (in) 

Percent 
0 .01-.49 .50-.99 1.00-1.49 >1.5 Total 

0 463 36 3 2 1 505 

25.57 1.99 0.17 0.11 0.06 27.89 

10 259 43 2 1 0 305 

14.30 2.37 0.11 0.06 0.00 16.84 

20 204 66 13 6 5 294 
0 
1— 

11.26 3.64 0.72 0.33 0.28 16.23 
< 1— 30 138 51 14 4 3 210 
Q_ t—1 
O 7.62 2.82 0.77 0.22 0.17 11.60 
LU 
QL 
Q_ 

40 79 48 10 7 4 148 

Li. 
O 4.36 2.65 0.55 0.39 0.22 8.17 

>- 
1— 50 38 38 11 3 1 91 

_l 2.10 2.10 0.61 0.17 0.06 5.02 
CQ 
< 
CQ 

60 37 49 16 4 2 108 
O 
C£ 
Q_ 2.04 2.71 0.88 0.22 0.11 5.96 

1— 
00 70 17 38 8 3 5 71 
< 
0 
LQ 

0.94 2.10 0.44 0.17 0.28 3.92 
CC 
O 
Li- 

80 10 23 14 5 2 54 

0.55 1.27 0.77 0.28 0.11 2.98 

90 4 4 5 1 1 15 

0.22 0.22 0.28 0.06 0.06 0.83 

100 0 2 4 1 3 10 

0.00 0.11 0.22 0.06 0.17 0.55 

TOTAL 1249 398 100 37 27 1811 

68.97 21.98 5.52 2.04 1.49 100.00 

sampled per year. Use of this method to initiate sampling trips would 

greatly increase the probability of measuring runoff events and allow esti¬ 

mation of the number of trips necessary to sample a given number of runoff 

events. 
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Fig. 1. Example of use of rainfall forecasts to predict sampling 

events. 
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TRANSPORT ESTIMATION 

United States Geological Survey (USGS) researchers have investigated 

methods for estimating annual sediment yields from relatively few data points. 

Simmons (1976) reported success with the sediment-transport, flow-duration 

method for streams in eastern North Carolina. The feasibility of this concept 

to calculate the average annual transport of total nitrogen and total phos¬ 

phate was investigated. Two relationships are required to employ the param¬ 

eter-transport flow-duration method; one is the flow duration curve, and the 

other is a relationship between the material transport rate and the stream 

discharge rate. With this information, the mean annual transport is calcu¬ 

lated by integrating the stream discharge cumulative frequency distribution 

with respect to the material transport rate. A mathematical expression for 

the relation of transport to flow is 

L0G(T/Tq) = A L0G(F/Fq) + B (1) 

where 

T0, Fq represents the daily mean values of transport and discharge, 

respectively. 

The constants A and B are determined by a least squares fit. 

Equation 1 was employed to model data obtained from stations in the 

present study for annual yields of suspended solids, total nitrogen and total 

phosphate (Tables 8a and b). The high R2 values and the high level of signif¬ 

icance of the F test demonstrate the feasibility of employing this method for 

calculating annual transports. However, to obtain a precision estimate for 

this method, a comparison of the value predicted and that obtained from a data 

intensive survey must be made, pursuant to sufficient data availability. 

Furthermore, because the magnitude of nitrogen and phosphate transport for a 

similar flow condition may vary, the use of this method to estimate transport 

for individual runoff episodes is not recommended. The utility of this method 

for estimating average annual yield is enhanced by the numerous stream gauging 

stations maintained by the USGS. By analyzing water samples obtained from 

these stations at various flow regimes throughout the yearly cycle, the data 

necessary to establish transport-discharge relationships can be established 

and estimates made of annual yields. 
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Table 8a. Correlation of constituent transport to flow by 

the least squares method. 

Site N r2 PR>F c.v. 

SUSPENDED SOLIDS TRANSPORT VERSUS FLOW 

P^8 9 0.96 0.0001 31 

P*10 6 0.94 0.0001 48 

P'vll 10 0.92 0.0001 29 

P~I3 10 0.89 0.0001 25 

W<3 8 0.93 0.0001 21 

VM 9 0.21 0.2100 277 

W^8 8 0.91 0.0002 79 

W^IO 8 0.67 0.0128 94 

NK1 11 0.90 0.0001 37 

M *u2 11 0.93 0.0001 33 

IW 11 0.75 0.0006 65 

UM 9 0.62 0.0123 160 

U^4 9 0.73 0.0035 86 

U^8 9 0.96 0.0001 39 

TOTAL NITROGEN TRANSPORT VERSUS FLOW 

Pn,8 27 0.94 0.0001 30 

P^IO 33 0.82 0.0001 58 

p*n 33 0.97 0.0001 18 

P^l 3 33 0.90 0.0001 32 

1/K3 28 0.96 0.0001 24 

W^4 26 0.81 0.0001 153 

W%8 29 0.93 0.0001 41 

W%10 27 0.92 0.0001 56 

NM 32 0.87 0.0001 38 

NK2 21 0.93 0.0001 34 

Nh,7 32 0.74 0.0001 81 

U^l 32 0.68 0.0001 74 

Uo,4 20 0.80 0.0001 46 

1)^8 20 0.94 0.0001 28 
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Table 8b. Correlation of constituent transport to flow by 

the least squares method. 

Site N r2 PR>F c.v. 

P^8 

PHOSPHATE TRANSPORT VERSUS FLOW 

23 0.92 0.0001 34 

P^IO 30 0.85 0.0001 38 

P~ll 31 0.95 0.0001 17 

P^l 3 32 0.80 0.0001 51 

IaK3 25 0.97 0.0001 15 

IaM 25 0.74 0.0001 74 

1/K8 25 0.85 0.0001 74 

VMO 25 0.86 0.0001 67 

M^l 28 0.75 0.0001 68 

M^2 22 0.85 0.0001 54 

M^7 31 0.47 0.0001 135 

U'vl 17 0.72 0.0001 47 

U^4 18 0.80 0.0001 40 

U^8 19 0.93 0.0001 23 

SUMMARY 

Two sampling methodologies, grab and automated, have been evaluated for 

usefulness in assessing rural runoff in small watersheds. Initial conclusions 

are that grab sampling is suitable for obtaining long-term average flow and 

concentration estimates and for estimating transport but that to gain in¬ 

sight into mechanisms and cause-effect relationships, a more intensive data 

base obtained by continuous monitoring is desirable. 

In order to reduce the volume of analytical determinations associated 

with water resource studies, a suite of essential parameters consisting of 

COD, t-POu, N03, TKN, and SS is recommended. Precipitation forecasts may 

have usefulness as a tool in designing sampling strategies for measuring 

runoff events. Estimates of the number of trips necessary to measure a 

given number of runoff events can be calculated to assist in developing a 
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study plan. Evaluation of the parameter-transport, flow-duration method for 

estimating long-term transport of nutrients indicates that this method is 

applicable to small rural streams. 
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DISCUSSION 

Wolman: With the last observation you made that you might be able to put together a 

rating curve in your organic material, do you have some estimates of the characteristics 

of flow in these kinds of streams? If you know something about the time distribution of 

peaks, could you run some kind of a simulation to give you some feel as to what the 

probability grab results would look like? In other words, if you have a rating curve you 

have flow duration even if you don't have exactly the places you have observed and you 

have long records from nearby in comparable streams. Could you run yourself this 

whole thing hypothetically and see what the grab is going to look like in contrast to 

continous sampling. 

Koehler: We haven't tried. That's a very interesting idea. I think it would be a well 

worthwhile exercise. We have not done that. I guess we are more concerned with 

trying to really go out there and do the grab sampling and establish whether or not this 

is a feasible method of characterising a whole river basin. 

Gburek: That one pollutograph plot that you showed with a number of tentacles. It 

appeared in each ease that the tentacles must have maintained a pretty constant 

concentration because the patterns are very similar. 

Koehler: There are rises and falls in the concentration. 

Gburek: Is this true that the concentrations will stay relatively constant? 

Koehler: No, and that may be an artifact of the scale to which that was drawn. They 

do not stay constant. They do elevate but they seem to elevate in very much the same 

fashion. I think a possible explanation for that is that we are dealing with a swampy 

system and it just seems that this is a very good kind of buffering system. Everything 

goes up at the same time and goes down but not in a dramatic fashion. What is going to 

be very interesting is to contrast that kind of graph with one from our piedmont sites 

and see if we are seeing the same kind of thing. My guess is that it is not going to be 

the same. 
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Correll: In your automatic sampler, was it time integrating or what? How often did it 

take a sample and was it regulated in frequency by flow? 

Koehler: We took a sample at every quarter foot stage change on the ascending and 

decending limb of the hydrograph. It was by stage. Again, that was to facilitate our 

being able to say what concentrations where at different points in the hydrograph so 

that we could make the kind of interpretations that we wanted to make. 
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PROBABILITY SAMPLING OF SMALL STREAMS: 

PROBLEMS AND RESULTS 

D . ¥. Hayne 
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Raleigh, N. C. 

27607 

INTRODUCTION 

Sampling methods are required in any large-scale study where it is 

impractical to cover the whole universe under investigation. This status 

certainly describes any attempt to characterize the small drainages that 

(constitute the main sources of runoff in a river basin. 

Probability sampling (or random sampling) means selecting with known 

probability the individual items that make up a sample. As a result, statisti¬ 

cal theory allows inferences to be made regarding the universe under study, 

and permits estimates of precision to be calculated. The usual alternative 

method of sampling, often used in the selection of streams for study, is judge¬ 

ment sampling. Here there is an uncertain basis for inference that involves 

the personal bias of the investigator and there is no method for estimating 

precision. ¥hile there can be no doubt that an experienced investigator can 

choose an item, say a stream, that is usually closer to the average of a set 

of streams than a selection made with a random number table, it is also true 

that tests invariably show the existence of bias in judgement sampling. 

Briefly, the advantages of probability sangpling are that it eliminates 

the inevitable personal bias of judgement sampling, provides a statistical 

basis for inference and estimation of precision, and is absolutely reproducible 

as to method (not results) by other investigators. Judgement sampling lacks 

these characteristics. 

The usual question with probability sampling studies is: how large must 

be the sample size? To answer this question, we must know, first, the pre¬ 

cision required, and second, the variability of the universe under study. In 

textbook theory the first of these requirements, about precision, is to be 

specified by the users of the information; unfortunately, these persons are 

rarely able or willing to state this quantitatively. The second requirement, 
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concerning the variability of nature, must be deduced from the literature or 

measured in empirical studies such as the one reported here. 

The objective of this study ms to determine the feasibility of applying 

probability sampling to the study of the total number of small drainage basins 

that make up a river basin. We define feasibility as the ability of a method 

to produce information of required precision within the available budget. 

Because I do not anticipate any clear statement of required precision, I will 

present our results as estimates of the precision attainable at a range of 

budget levels, when using methods in the present stage of development. Then 

others may judge whether the method is feasible or not after review and after 

considering, among other questions, what alternatives may be available. 

The general form and objectives of this study have been described by 

Humenik et al. (this volume). In the present paper data resulting from the 

work have been used primarily in illustration of methods, not as a summary of 

findings. 

MATERIALS AND METHODS 

In this section I describe the sampling design used in our study, the 

methods of estimation, the statistical model, the estimation of precision and 

the calculation of optimum allocation of sampling effort, concluding with a 

description of the sampling procedures used. 

Sampling design and statistical model. We restricted the field sampling in 

this study to a part of the entire Chowan River Basin to minimize field ex¬ 

pense. We chose the sample sites at random within four small areas, but 

these areas were selected arbitrarily as conveniently located and as repre¬ 

senting the different soil types and land uses thought to dominate the basin. 

This decision not to sample the entire basin meant that we could use more of 

our resources for data acquisition and less for travel. This decision also 

means that any substantive inferences from our findings are restricted to 

these small areas. For purposes of speculating on the effect of changed 

sample design on precision, however, we do assume that the variances estimated 

from our smaller areas are approximations to those for the entire basin. 

The soil types are referred to here as strata; they broaden the conditions 

and problems experienced in this study and in principle contribute to reduction 
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of variance of the overall estimate; use of stratification would be expected 

in any real study both for variance control and for obtaining specific infor¬ 

mation (of lesser precision) on sub-units of a drainage basin. For farther 

discussion of stratification refer to standard works on sampling (e.g., 

Cochran, 1963; Yates, i960). 

A second dimension of stratification has been used here, that of time, 

again both to reduce the error of estimate and to provide information on 

periods of less than a full year. Thus sampling of rural runoff in the 

current study is stratified first according to soil type, and second as to 

time blocks (periods). Each soil type is sarrpled by selecting sites at 

random from among all sites within that soil type; periods are sanpled by 

selecting visits at random from all possible times for visits within each 

period (under a restricted random selection plan). The following discussion 

proceeds as though we are concerned with only a single soil-type stratum, 

estimating values within periods and averaging periods over the year. Exten¬ 

sion to an entire river basin would be by making estimates for each stratum, 

and combining these as a total or as a weighted mean, as appropriate. This 

discussion is in two parts: methods of estimating means, and methods of 

estimating sampling variances (or precision) of these means. 

In making estimates for a single stratum for a year, separate estimates 

are made for each period and these are summed, or averaged, as appropriate. 

With a complete set of values (a value for each site each visit) this proce¬ 

dure is identical to averaging all the values for the year. 

There were a certain number of cases where no measurements are recorded. 

These fall into several categories, as follows: 

Wo chemical concentration was measured where there was zero flow. In 

such cases the mean was estimated for the remaining concentration 

values, ignoring the missing value. The desired mean concentration 

is that when there was a flow of water, excluding concentrations 

under no-flow conditions. Any concentrations determined by mistake 

under conditions of zero flow were omitted. 

Where there was a non-zero flow but no concentration was measured 

because the sample was lost. There were only a few such cases (in 

the two chemical constituents Kjeldahl nitrogen and total phosphorus 

there were only 8 and 4 values, respectively, missing from 372). Here 



it seems reasonable to estimate a value by multiple regression on 

neighboring sites, and insert the estimate into the data -with a 

special designation to indicate a synthetic value. 

c. Where flow was not measured for various reasons, even though there 

was a non-zero flow. The concentration values are valid when mea¬ 

sured under such conditions. A flow value was synthesized by 

regression on neighboring sites. Where field notes indicated flow 

to be present but too low to measure, one-half the lowest flow value 

recorded in the file for that site was used. Where flow was too high 

to be measured, it was approximated by regression on sites nearby. 

Of 372 values of flow used in this report, 10 were synthesized by 

regression. 

For judging the precision of an estimate we must calculate a variance 

appropriate to the statistical model. This study is based on sampling in two 

dimensions with repeated use of a few randomly-selected sites, which are all 

sampled at a visit selected at random in time. Because there is repeated 

measurement at the same sites (i.e., not simple random sampling) it is neces¬ 

sary here to assemble an estimate of variance of the mean using the components 

of variance as estimated from the data. A somewhat similar problem has been 

discussed by Gates, et al., (1975)• 

Calculation of mean chemical concentrations only on the basis of samples 

taken when there was non-zero flow, requires an adjustment in the calculation 

of variances. The problem is treated by Cochran (1963) under the heading of 

"domains of study"; following this discussion we have inserted zero values for 

the "missing" values in calculation of variances (although the means were 

calculated only from the values for non-zero flow conditions). 

In the following sections we assume independence of observations. It is 

well known that successive observations of flow made at close intervals on a 

stream are serially correlated. Preliminary examination of available Infor¬ 

mation from this study, however, showed that serial correlations became near 

zero for lag times of 4-5 days or greater. Since this time is much less than 

the usual interval of visits to any one site in this study, the problem is not 

considered important here. It'-could become serious with very frequent visits 

to a stream. 
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Each measurement is assumed to conform to this model: 

x.\ = p. + s. + n. + (sir).. + v. /. \ + e.\ 
(i) 

■where: 

XiOk(j) 

S. 
1 

(sn)ij 
V 
kU) 

= the single measurement made at the i^*1 site in the 

period and the visit within the period 

= general mean 

= effect of i^*1 site (random) 

= effect of period (fixed) 

= effect of interaction, i^*1 site and period (random) 

= effect of k^ visit within period (random) 

e. .. 
Jk(j) 

= random measurement error, which includes any interaction of 

site with visit within period, the variability due to field 

sampling, and that due to chemical analysis or to other error 

sources. 

The variance of this single observation will be: 

var X. 
ijk(j) 

2 

CT(sn) 
(2) 

where: 

CT(sn) 

°v2 

variance component due to differences among sites 

variance component due to site x period interactions 

variance component due to differences among visits within 

periods 
p 

,je = variance component due to random error. 

Note that variance between periods has been dropped as a result of 

stratification in time. In this discussion the number of periods (p) in a 

year is treated as a constant feature of the sampling design, determined 

partly by the detail of information required, and partly by the statistical 

necessity for at least 2 visits per period. We here assume 13 periods of 4 

weeks each, the pattern of our study. 

The variance of the mean value for s sites each sampled by p v visits 

will be: 
— tfq 

var x = — e_ 
spv s sp pv 

The variance of the mean is calculated by estimating these variance com¬ 

ponents from the field data and substituting in this relationship. When any 

(3) 
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variance component is calculated as a negative value it is taken to be zero. 

When the component for the site x period interaction is apparently negative 

(hence zero) then the following model is to be used: 

var x 
V 

(4) 
3 pv SpV 

Variance components have been estimated for each stratum separately in 

the present study and then averaged over all four strata, reasoning that the 

mean should be a better estimate than the separate stratum values, each of 

which is based upon only 2-3 degrees of freedom for sites, for example. It 

is of course possible that, accurately determined, these variance estimates 

would reveal real differences among soil types, but again, this study is not 

large enough to explore that possibility. Variance components were estimated 

from field data through use of a computer program in the SA.S system (Barr, 

et_al_., 1976). Data have been log-transformed (base 10) for these calcu¬ 

lations to stabilize the variance and to bring the distribution closer to 

normal. 

Optimal allocation. Referring back to formulas (3) and (4), note that the 

variance of the mean depends upon several components of variance and their 

divisors. The components are fixed in any one case, so increased precision 

can come only from changing the divisors, that is, by increasing sample size. 

Increasing the number of sites will decrease some of the terms while in¬ 

creasing visits per period decreases others. The problem is to find the right 

combination of sites and visits to minimize the variance of the mean. 

The division of sampling effort between number of sites and number of 

visits follows the classical steps of Reyman (Cochran, 1963)• First a cost 

function is set up: 

C=s(c +pvc) 
v s * v' 

where: 

C = total budget (less the fixed costs of the survey) 

cg = cost of establishing a site exclusive of cost of visiting and 

sampling 

c^ = average cost of visiting and sampling an already established site. 
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(5) 

Then: 

s = C/(cg + pv cv) 

and rewriting var x in these terms: 

2 2 2 
var X = CT (c + pv c )/C + a , .(o + pv c )/pC + c /pv 

(sn) 

+ CTe (°s + pV cv)/pvC- 

Taking the derivative of var x with respect to v, equating to zero and 

solving for v: 

v = [(C a 2 + c <j 2)/p c (p o 2 + cj2 
v s e vVJ^ s (sn) (6) 

For greater convenience of calculation this may he rewritten, after dividing 

hy the error variance: 

v = kv + cs>/(p<v (Pks + k(sn)))]? (7) 

where: 

k = o 2/^ 2 
s s ' e 

k(sn) “ CT (sn)//cre 

k = a 2/cr 2 . 
v v ' e 

Given an optimal value of v, one may calculate the number of sites (s) from 

statement (5)• Values of both v and s must be integers. 

This result differs from that reached in the classical case of hierarchal 

sampling, where the optimum number of the secondary sampling unit depends only 

on the variances and costs of the primary and secondary sampling units. In 

the present case the number of visits and the number of sites both depend also 

on the total budget and unless this is known, there can be no solution. 

Cost Analysis. Because costs are so important to sampling efficiency, we have 

assembled a detailed cost analysis of a sampling survey of water quality. 

Although this is based on our experience, it is not a cost accounting of our 

study, but rather an idealized account of a study made under certain strict 

assumptions. 

We assume that this will be a one-year field operation to provide data 

for a report, without any research aspects, and that the investigators will 

know how to proceed, in part from our experience. We have used 1975 cost 

estimates throughout. In calculating personnel costs we have used an annual 

salary scale of $25,000 for an administrator, $16,000 for an investigator 
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(project leader) and $9,000 for a trained technician, have assumed that a 

work year has 2080 hours and that as much labor is available as is needed by 

the hour at these rates at all levels with 50 percent of total personnel costs 

used to cover indirect costs. We have assumed that basic office, laboratory 

and computing facilities are available (i.e., do not have to be set up 

de novo) . All equipment is completely depreciated during the year (with the 

exceptions of the inverted microscope, used for counting algae,• where 20 per¬ 

cent was accounted per year, and vehicles, where a mileage rate was used). 

Chemical analyses were accounted at commercial laboratory rates with allowance 

for volume discount; the costs here cover the analysis for chemical oxygen 

demand, Kjeldahl nitrogen, nitrate, total phosphorus and chloride for every 

sample taken and for biological oxygen demand (5-day), total solids, and 

ammonia with one-quarter of the samples. 

With the chemical and algal measurements, we assume that water samples 

are to be taken at each visit and therefore there is no added cost of field 

collection, regardless of number or kinds of analyses to be made. Costs of 

field travel have been expanded to refer to a sampling study of the entire. 

Chowan basin; these assume mileage on an official vehicle, with subsistence 

at $23 per day. 

The cost accounting includes an option as to data management, whether or 

not our computer programs are to be used. To make full use of our data 

management procedures and to realize the projected savings there must be 

access to SAS (Statistical Analysis System; Barr et al., 1976) which we have 

used extensively and for which our procedure statements would be available. 

Beyond this fact there are two principal programs, the first calculates flow 

estimates from field measurements of stream depth and water velocity, and the 

second makes certain calculations for the bottle technique of algal assay. 

The statistical model requires that costs be stated separately per site 

and per visit. For realism we have added to this a fixed cost, with a cost 

function of the general form: 

Total Cost = c, + sc + spvc 
1 s * v 

where: 

c^ = constant costs 

c = costs proportional to number of sites s 

c = costs proportional to total number of visits to sites 
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s = number of sites 

pv = number of visits per site (product of number of periods and 

number of visits per period). 

The fixed cost c^ must be removed from the total budget before sampling 

allocation can be determined using Formula (6 or 7). 

Sampling procedure. In drawing up a sanpling schedule for such a study as 

this there are three main steps: 

1. Deciding the design elements. 

2. Drawing up an area sanpling frame and selection of sites. 

3. Drawing up a time sanpling frame and selection of visit times. 

Decisions about design elements cover the number of sites to be visited, 

how often these will be visited, and priority as to what is the most important 

kind of information to be derived. This last decision is especially needed if 

any attempt is to be made to optimize sampling, because the variance com¬ 

ponents, and therefore optimum sanpling patterns, may vary among different 

parameters. At least a target approximation to a total budget will be re¬ 

quired to better allocate sanpling effort and to set the level of intensity 

of work. 

An area sanpling frame for small subbasins is a list of all such areas 

in the river basin to be sampled. This may be assembled by outlining each 

subbasin on a topographic map, and assigning each a serial number. Then a 

sample set of subbasins is selected by drawing from a random number table. 

First, designate enough columns (digits) in the table to include the highest 

serial number assigned to a subbasin (i.e., if there are 250 subbasins, use 

3-digit random numbers). Random numbers higher than the highest serial number 

are ignored as are numbers already drawn. Continue drawing numbers until the 

required number of subbasins is designated. When dealing with a stratified 

area sample, assign serial numbers and select at random within each stratum. 

At this stage it is essential to define the unit being investigated. Our 

current definition is to start at the apparent origin of a small stream and 

trace it down to the first crossing by a road that results in a drainage basin 

of 0.5 square miles. In practice we found that it was often impractical to 

measure stream flow at any point other than a road crossing with a bridge or 

culvert. This was especially true in the coastal plain. 

A decision should also be made at this point as to whether flow and 



transport of chemicals will be calculated per stream, or adjusted to basin 

area. It is the easier course to expand to an estimated total by calculating 

mean flow per subbasin and then expanding to the entire basin on the basis of 

the total number of subbasins enumerated in the sampling frame. But if expan¬ 

sion is to be on the per-area basis, then it is also necessary to estimate the 

area of each subbasin as the frame is drawn up, and total these areas as the 

basis of expansion. 

To assemble an area sampling frame is no small task. As mentioned pre¬ 

viously, our field study was restricted to four arbitrarily-chosen subareas 

within each of which there were a number of subbasins, from which our sample 

was drawn. But as part of this feasibility study we also drew up a conplete 

area frame for the entire Chowan River basin. Working on a U.S.G.S. 1:250,000 

topographic map, it took a technician 100 hours (with 8 hours supervision by 

an investigator) to enumerate and planimeter the area of 397 small drainage 

basins (which together accounted for 62.2 percent of the entire basin area). 

In this exercise the rule for defining a small basin was: Start at the origin 

of the stream and trace down to the road crossing that defines the single 

largest basin in the range 0.5-35-0 square miles; do not count as a road 

crossing the case where a bridge crosses an impoundment, but do count the case 

of a road on a dam; omit streams only if marked "dry” or "intermittent”. This 

frame excluded any small stream that flowed directly into a large stream with¬ 

out crossing a road. It should be clear that this definition was arbitrary; 

other studies might use a different definition. 

In selecting time for making visits, a sampling frame in time is required. 

First delineate the periods or time strata to be used. We used periods of 4 

weeks, 13 making up a year (approximately). Next, lay out within each period, 

all the potential visit times possible. We divided each 4-week period into 7 

blocks of 4 days each on the basis that 3 days would be required for a trip to 

the field and return, with the fourth day allowed for turnaround time or minor 

equipment failure. In each period, one of the 7 blocks of 4 days was desig¬ 

nated at random for rest and the other 6 blocks were assigned at random to 

sampling in such a manner that each site was covered once in the first 3 

blocks and once in the last 3 blocks. The sites to be covered were grouped 

into sets on the basis of convenience of coverage. 

This account of sampling in time is presented as an example of how a frame 
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can be drawn up and a sampling schedule laid out. Actually our study covered 

not only the 15 primary sites, but also as many again for research purposes, 

so the schedule as outlined is twice as intensive as needed for covering 15 

sites. 

RESULTS 

A summary of our cost analysis appears in Tables 1 and 2, first as only 

the personnel costs in Table 1, and then as the total of all costs in Table 2. 

Assuming that a survey does not use our computer programs in data processing, 

and does not make any measurements of algal characteristics, the values for 

the cost function would be: for fixed cost $14,211; for per-site cost $153; 

and for per-visit cost $79* These values will be used below in discussing 

optimal allocation. 

If costed at these rates, a one-year study at the level of our own, with 

13 periods, 15 sites, and 2 visits per period, would cost $475500 at 1975 

prices. This is only an hypothetical figure because our study has included a 

number of research aspects. 

Components of variance (for log^ transformed data) are shown in Table 3 

for unadjusted flow, for flow adjusted as per unit area of subbasin, for 

Kjeldahl nitrogen concentration and for total phosphate concentration. Also 

stated in Table 3 is the variance of the annual mean as estimated in our study 

under an assumption of one full year of data at each site, along with the 

equivalent proportional standard error of the mean. As a result of using a 

logarithmic transformation of the data, an equivalent to the proportional 

standard error (standard error divided by the mean) is the antilog of the 

square root of the variance of the estimate,quantity minus 1.0. 

Values for costs and variance components were substituted in Formula (7) 

assuming 13 periods in a year, to derive the optimum number of visits per site 

and number of sites for certain arbitrarily chosen levels of total budget. 

As examples, Table 4 shows these numbers for flow (adjusted for area) and for 

concentration of Kjeldahl nitrogen; these variables were chosen because they 

differ in importance of the variance component due to site differences. These 

variance components were then used with the calculated numbers of visits and 

sites to estimate the approximate minimum value for variance of the mean at 

that level of funding. This operation was then repeated for 10 levels of 



Table 1 . Personnel costs for a one-year grab-sampling study of water 

quality of a river basin based on a probability sampling of sites 

and. visits; costs estimated from experience in the Chowan River 

rural runoff study 

Item Constant 
cost 

Per site 

cost 
Per visit 

cost 

Administration $1,919.94 $ 2.94 $ 0 

Planning 664.76 0 .08 

Chemical analysis (contracted) 384.50 0 .46 

Field exploration, construction 0 62.49 0 

Field sampling 615.20 7.69 18.86 

Data management: 

using our programs 856.16 0 2.05 

not using our programs 2,417.10 0 2.05 

Subtotal: 

using our computer programs $4,440.56 $73.12 $21.45 

not using our computer programs 6,001.50 73.12 21.45 

Options: 

Algal bottle test 296.24 0 55.81 

Algal counts 327.OO 0 10.34 

Indirect costs: Add 50 percent of total personnel cost. 

Example: Total personnel cost if our computer programs are not used; no 

algal information 

Total without indirect costs: 6,001.50 73.12 21.45 

Total including indirect costs: $9,002.25 $109.68 $32.18 

funding, ranging from $27,854 through $148,597 in increments of $14,211 (see 

Table 4; these particular figures were chosen for another comparison not dis¬ 

cussed here). Results of these calculations are shown graphically for vari¬ 

ance of the mean and for the contribution to the variance of the mean made by 

each component of variance, for flow per unit basin area (Figure l) and for 

concentration of Kjeldahl nitrogen (Figure 2). The curious apparent inter¬ 

twining of the lines representing the contributions to the variance from sites 
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Table 2. Total costs (including personnel) for a one-year grab-sampling 

study of -water quality of a river basin based on a probability 

sampling of sites and visits; costs estimated from experience in 

the Chowan River rural runoff study 

Item Constant 
cost 

Per site 
cost 

Per visit 
cost 

Adminis tration $ 1,919.94 $ 2.94 $ 0 

Planning 864.76 0 0.08 

Chemical analysis (contracted) 2,584.50 0 30.56 

Field exploration, construction 50.00 101.49 0.75 

Field sampling 2,649.20 12.19 30.96 

Data management: 

using our programs 1,371.16 0 6.39 

not using our programs 3,142.10 0 6.39 

Subtotal: 

using our computer programs $ 9,439-56 $116.62 $68.74 

not using our computer programs 11,210.50 116.62 68.74 

Options: 

Algal bottle test 396.24 0 67.31 

Algal counts 1,550.00 0 10.34 

Indirect costs: Add 50 percent of total personnel cost. 

Example: Total cost (including personnel) if our computer programs are not 

used; no algal information 

Total without indirect costs: 11,210.50 116.62 68.74 

Total including indirect costs: $14,211.25 $153.18 $79-47 

and from visits reflects rounding error from first calculating the optimum 

number of visits, rounding this to the nearest whole number and then calculat¬ 

ing number of sites based upon this number. 

DISCUSSION 

The analysis of cost (Tables 1 and 2) shows that the constant cost (or 

overhead) is of great importance, especially in low-budget studies, while the 
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Table 3- Mean calculated variance components for sites, interaction of sites 

and periods, visits within periods, and error with estimated total 

variance 

periods) 

of mean as though estimated from a full year (13 4-week 

of data in this study 

Variance component for 
Observed 
variance 
(total) 

Proportional 
standard 

error 
site interact. visit error 

Flow, not adjusted .2841 .09423 .3791 .4342 .03512 .540 

Flow per unit area .09740 .1404 .3613 .4688 .02231 .410 

Kjeldahl nitrogen .009354 .01309 .1054 .1836 .005217 .181 

Total phosphorus .01265 .04109 .06830 .1153 .003976 .156 

cost of establishing a single site is comparatively insignificant. The cost 

per visit, on the other hand, will dominate most budgets, for while it is the 

lowest of the three costs stated (per-visit cost $79 5 per-site cost $153? 

constant cost $14,211) the per-visit cost accounts in total for almost all of 

the operating budget. A high fraction of the per-visit cost is for chemical 

analyses; this particular item will change with the type of study. In calcu¬ 

lating an optimum allocation of sampling resources, a low per-site cost sup¬ 

ports the inclusion of a larger number of sites in the sampling design, other 

factors being constant. Increasing the cost of establishing a site, as by 

expensive construction, would indicate that fewer sites should be covered. 

The estimation of variance components for log-transformed data (Table 3) 

allows a direct conparison of the importance of the factor in contributing to 

the variance. Under this transformation all variance components are stated 

in the same unit and may be compared directly. In considering flow, both that 

unadjusted and that calculated per area of the subbasin, all three variances 

are inportant, that among visits within period, that due to error and that 

due to differences among sites. Calculation of flow per unit area does reduce 

the variance conponent due to sites to about one-third its previous value, 

while leaving the other components virtually unchanged. As a result, the pre¬ 

cision of an annual flow determination was increased (proportional standard 

error decreased) but only by a modest amount. 

Determination of mean concentration seems to be inherently more precise 

than measurement of mean flow. The variance components for Kjeldahl nitrogen 
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Table 4. Optimal allocation of resources for sampling as calculated from 

observed components of variance and stated level of total budget, 

for flow and TKN assuming 13 periods of 4 weeks each 

Flow per area K,jeldahl nitrogen 
Budget 

sites 
visits per 

period sites 
visits per ^ 

period 

$ 27,854 6 2 4 3 

41,270 8 3 5 5 

54,686 12 3 6 6 

68,102 12 4 8 6 

81,518 16 4 9 7 

94,933 19 4 10 8 

108,349 18* 5 11 8 

121,765 20 5 11 9 

135,181 23 5 12 10 

148,597 21* 6 13 10 

^Reversal of trend results from accepting closest whole number of visits. 

^The higher of these values probably go beyond the point where serial corre¬ 

lations would become important. 

and total phosphorus (Table 3) are lower than those for flow, differing by 

factors of 3-10 fold, depending on the component. As a result, the precision 

of an annual mean is considerably better for the same sampling design. 

These estimates of variance components are specific to use of a 4-week 

period, and probably would change to some degree if another period length were 

to be used. This point is expanded later in this section. 

What precision is required for estimates of average water quality param¬ 

eters for a river basin? Can these field sampling methods ("grab-sampling") 

provide estimates of useful precision? This study cannot answer such ques¬ 

tions; it can only show what precision may be expected when using these 

methods. 

Our results suggest that precise information on average flow (and pre¬ 

sumably average transport) will be expensive to obtain by field sampling 

methods, but that useful information on average concentration of chemicals 

may be obtainable for more modest expenditures. By usual ecological standards, 
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Figure 1. The effect of budget on precision of mean flow (adjusted for basin 

area) showing contributions from all sources of variance. 
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Figure 2. The effect of budget on precision of mean Kjeldahl nitrogen 

concentration showing contributions from all sources of variance. 
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one might make the subjective judgement that the measurement of average con¬ 

centration with a proportional standard error of 0.16-0.18 (Table 3) is prob¬ 

ably at a useful level of precision while the measurement of average flow with 

a proportional standard error of 0.4l is less useful. Yet such a judgement 

really cannot be made without knowing, first, how the information is to be 

used, and second, what alternative methods are available for deriving the 

information. In particular, one must remember that subjective impressions 

about water quality which lack estimates of precision may be naively more 

appealing than objective measurements of known low precision. 

Precision increases rather slowly with increasing budget in these studies 

(Figures 1 and 2). As a general trend, the slopes of the lines are roughly 

equivalent to the variance being inversely proportional to the square root of 

the budget as a measure of sampling effort (in spite of the curvilinear effect 

of including the constant cost). In contrast, with the usual survey (in a 

single dimension) the variance is approximately inversely proportional to the 

first power of budget. Thus having to sanple in time as well as in space 

makes increases in precision (defined in terms of variance) more costly being 

in proportion to the square of the increase in precision required. Thus to 

cut the variance in half, the budget must be quadrupled and to cut the pro¬ 

portional standard error in half, the budget must be increased by a factor of 

16. 

This finding becomes an argument for the continuous measurement of flow 

because then the dimension of time could be eliminated from the sampling de¬ 

sign. Such a move is expensive because of the relatively high cost of auto¬ 

mated equipment (which increases per-site costs and this changes the allocation 

of sampling effort between sites and visits) but it would have the advantage 

of requiring sampling in only a single dimension. This idea, only mentioned 

here, will be developed elsewhere. 

Time blocks of 4 weeks were used here as a constant feature of the survey 

design in stratifying time, but periods of some different length might be 

used. Changing period length should be expected to change some of the compo¬ 

nents of variance. The total variability in time, including that due to 

seasonal changes, is partitioned by stratification in time into variance with¬ 

in periods and that between periods. The shorter the periods, and therefore 

the larger the number of periods in a year, the greater should be the gain in 
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precision resulting from using stratification "because with shorter periods we 

may expect a lesser part of the total long-term variability in time to fall 

within the time strata (periods) and a greater part to fall between strata 

and thus not be represented in the variance of the mean value. The variabil¬ 

ity within time strata appears in the variance component for visits within 

period and perhaps in that for error. These two components should be reduced 

or unaffected if shorter periods are used; the component for sites should not 

be changed while the effect on the interaction (sites x periods) is uncertain. 

The magnitude of the effect of increasing or decreasing the number of periods 

will depend upon the pattern of variation in time; this effect must be inves¬ 

tigated empirically for lack of a model adequate to support a prediction. 

Thus, to study the effect of length of period on precision of measurement, 

one must first determine the new variances. 

In planning another survey after the pattern of this one an early deci¬ 

sion is required about periods, which are a fixed element of the design. How 

long is each to be and as a result, how many will comprise a year? The dis¬ 

cussion above suggests that the most efficient period length will be that just 

sufficient to provide for two visits per site, which is the minimum to allow 

estimation of variances within period. At present, my only operational sug¬ 

gestion is to calculate the optimum number of visits per period based upon 

the best information available and the period length associated. If this num¬ 

ber departs much from 2.0, then lengthen or shorten the period length, make a 

corresponding adjustment of the variance components (necessarily by judgement) 

and then recalculate the optimum, repeating the process until the optimum 

approaches 2 visits per period. This procedure requires that a budget be 

specified; there must first be an intensive review of the cost accounting 

offered here to update the values, and adapt our cost estimates to the appli¬ 

cation planned. 

CONCLUSIONS 

1. Using probability sampling to determine water quality in Subbasins of a 

river system requires sampling and stratification in both dimensions of 

space and time, and the synthesis of an error term. 

2. Sampling effort must be spread over both dimensions, therefore the vari¬ 

ance of the estimate does not decrease as rapidly with increased budget 
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as it does in sampling in a single dimension. 

3. Optimal allocation of sampling effort among sites and visits is partially 

a function of budget level in this design. 

4. In this study concentration (of total Kjeldahl nitrogen and of total phos¬ 

phate) were determined with considerably better precision than total flow. 

5- In planning similar studies, the length of period used for stratification 

in time should probably be minimized. 
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DISCUSSION 

Gburek: Did I understand it right that once you visited the sites for sampling you did 

not randomly visit each site within the entire area. Once the sampling team went to 

the watersheds did one team sample the whole watershed or did they only go to a 

certain watershed or a certain area? 

Hayne: For practical purposes a team went into the field and sampled the whole affair. 

In principal, at least, this was within a period of three days. All of these, something 

over thirty, were visited and sampled and the samples returned to the laboratory at the 

end of that period. 

Gburek: Were these sites visited in a routine order each time? 

Hayne: Somewhat randomized order, but the practicalities are that you can't go zig 

zagging all over the map and so this was restricted, very much restricted. There were 

certain practical routes picked at random. One of these routes for each visit. 

Gburek: So there was some randomness in the sampling. 

Hayne: That's right. 

Gardner: You gave some preliminary results for flow and then pointed out that's 

already getting pretty expensive and the variability associated with water quality 

parameters is usually greater than that. 

Hayne: What parameters? 

Gardner: Take the nitrate or phosphate. 

Hayne: It turns out that if you are concerned with concentrations, we can reduce these 

values radically. In other words it is much better for concentrations. The variance 

between sites, even if calculated, is calculated on a per area basis. Results between 
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visits at a site, reflecting the effects of storms or lack of them, are going to vary over 

a proportionately much greater scale than the concentrations or at least that was our 

finding. With TKN the top value would be about .2 instead of .6. Down here at .1 is 

where you would get the high budget. 

Gardner: If we are interested in load then we have to have the flow values in there. If 

we are interested in concentration alone, which is something in the regulatory sense one 

might be, that is better. 

Hayne: That’s true. 
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A LINEAR APPROACH TO THE CALCULATION OF AREA YIELD 

COEFFICIENTS BASED ON LAND USE 

Gary R. Chirlin and David L. Correll 
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Edgewater, Maryland 21037 

Abstract- A model is presented which expresses waterborne mass flux out of a basin as 

a linear combination of the areas within the basin in each of u land use classes. The 

model structure may be formally derived from two distinct sets of assumptions, the less 

involved of which is simply a weighted least squares formulation. The weights are 

chosen equal to the inverse of estimated variances for the basin mass flux values. An 

example applied to total phosphorus export from seven basins in three land uses in 

summer, 1975 yields the loading coefficients: row crops export=522, pasture 

export=620, and forest export=106 g-P ha ^ season. * Sensitivity of this solution to the 

weighting scheme and the measured loadings is explored for 3 contrasting basins. 

General classes of behavior: "underloading", "overloading", and "well-predicted loading" 

emerge during the analysis, suggesting directions of further inquiry in the analysis of 

the basin loading data. 

INTRODUCTION 

Quantification of non-point source loadings is a primary research mission at the 

Chesapeake Bay Center for Environmental Studies, Edgewater, Maryland (Correll, 1976). 

Flow, sediment load, and other physical, chemical, and microbiological parameters are 

monitored across the Rhode River watershed (Correll, this symposium). To relate such 

loadings to observable and controllable characteristics of the watershed is a goal of the 

analyst. 

Correll, Faust, and Pierce (1976) introduced a simple empirical approach attri¬ 

buting mass of waterborne substances (nutrients, particulates) exported from a basin to 

the area of the basin in each of five land uses. In that study five automatic gauging and 

sampling stations on local streams plus appropriate laboratory analyses yielded weekly 
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mass fluxes of total nitrogen, total phosphorus, and mineral particulates out of the 

basins. Land use composition of the monitored basins was known, so assuming a linear 

model they wrote 

LA AA1 X1 + AA2 X2 + AA3 X3 + AA4 X4 + AA5 X5 

LB AB1 X1 + AB2 X2 + AB3 x3 + AB4 + X4 + AB5 X5 

LE AE1 X1 + AE2 X2 + AE3 X3 + AE4 X4 + AE5 X5 

where 

L is the mass flux of a particular substance over weir a (mass time *) 
8. 

2 
A . is the area of basin a in land use i (length ) 

ai 

X. is the loading factor—the contribution of mass from unit area of land use i (mass 
1 -2 -1 

length time ) 

The five equations in five unknowns were then solved simultaneously for the 

loading coefficients X. for each season. 

This report presents an elaboration of the Correll et. al. (1976) method which can 

accommodate more basins than land uses. The approach, close kin to no-intercept 

multivariate linear regression, weights total loading from each basin by the precision of 

that loading measurement. We describe the model in general terms here and then 

calibrate it with Rhode River watershed data for total and mineral suspended solids, 

total nitrogen and total phosphorus, and a host of cations elsewhere in this volume. 

Verification will be attempted in the near future using runoff and land use data from 

tributary watersheds of the nearby Patuxent River. 
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MATERIALS AND METHODS 

Model equations 

The model form, in matrix notation, is taken from Schweppe (1970, pg. 100): 

z = Hx + v 

E (v> = 0 (1) 

E{vv'} = R 

where 

z (i) is the total mass flux or "loading" -- the observed export of material by 

stream i during the time period considered (mass time *); measured with 

uncertainty modeled by v and R; matrix dimension k.l 

k is the number of monitored basins 
2 

H (i, j) is the area of basin i in land use j (length ): assumed exact; matrix 

dimension k . u 

u is the number of different land uses 

x (j) is the "loading factor" — the amount of material exported from unit 
-2 -1 

area of land use j (mass length time ): an unknown constant; matrix 

dimension u . 1 

v (i) is a zero mean (unbiased), finite variance observation error dependent 

on the precision of loading measurement techniques for basin i (mass time *): 

mean and variance known; matrix dimension k . 1 

R (i,j), i ^ j, is the covariance between the error in observation i, v (i), and 

the error in observation j, v (j) and 

R (i, i) is the variance of the error in observation i, v(i); matrix dimension 

k . k 

E { } denotes expectation operation 

Schweppe calls this the Fisher model for the linear static state variable problem. 

Model Solution 

An estimate of x, denoted x, is given by Schweppe (1970): 

x=ZH’R_1 z 
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where 

(2) Z =[HTR 1 H] 1 

Zestimates the error covariance matrix for x, providing a quantification of the precision 

of the estimated x values for given H and R. 

Note that although the true x is a vector of unknown constants the estimate x is 

a vector of random variables. Each mean x(i) and its variance £ (i, i) could be 

utilized to define a confidence interval which then would, with a certain probability, 

contain the true unknown constant x (i). 

An Alternative Model 

The solution (2) is obtained from a model of the observation scheme (1) which 

includes a description of the observation error variances R. However, the same exact 

solution (2) also satisfies a weighted least squares model (Sehweppe, 1970, pg. 104): 

choose x to minimize 

J = [z-Hx]' R"1 [z-Hx ] (3) 

with 

z and H as before 

R 1 an arbitrarily chosen weighting matrix. 

In this formulation R has no statistical interpretation, being chosen according to 

any reasonable scheme. £ is not meaningful. But the solution x of either model will 

be the same if the weighted least squares model chooses as its weights the inverse of 

the Fisher model observation error matrix. Considering the problem in the less 

restrictive context of a weighted least squares model will dispel some difficulties 

encountered in the identification of R. Also, by leaving the door open to vary R \ 

better predictability may be obtained from the model solution. More on this later. 
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Table 1. Land use classes consolidation schemes 

Highest Resolution Nutrient and Cation Studies Bacterial Studies 

1. Row crops (corn, tobacco) 

2. Pasture (cattle) 

3. Hayfield 

4. Non-residential grassland 

5. Old fields/fallow ground 

Row crops (1) 

Pasture (2,3) 

Forest (4,5,6,7) 

Wetlands** (8,9,10) 

Suburban*** 

(11,12,13,14,15) 

Hog feedlot*(16) 

Forest (4,5,6,7) 

Wetlands** (8,9,10) 

Suburban*** 

Row crops (1, 3) 

Pasture (2) 

6. Young forest 

(11,12,13,14,15) 

Hog feedlot*(16) 

7. Mature forest 

8. Freshwater marsh 

9. Freshwater swamp 

10. Pond, impoundment 

11. Residential 

12. Industrial 

13. Commercial 

14. Bare (dirt road, lots) 

15. Paved (roads, parking lots, etc.) 

16. Hog feedlot 

17. Tidal marsh 

18. Open tidal waters 

Figures in parentheses refer to classes in first column included in the consolidated 

classes of columns two and three. 

* Hog feedlot may be lumped with pasture. 

** Wetlands may be lumped with forest. 

***Suburban may be lumped wiht row crops. 
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Identifying H 

The area of each basin in each land use class was determined from a combination 

of low altitude aerial photographs (infrared and true color) and extensive ground 

truthing (Correll, this symposium). The raw data resolves to 18 different use categories, 

but for particular applications of the model anywhere from three to six aggregate 

classes have been recognized. Criteria for lumping stemmed from preconceptions of 

similarity in loading behavior and from land use loading rates determined by survey 

(Miklas, et al, this symposium). Table 1 shows the raw data land use types and some 

aggregated classes being examined by investigators thus far. 

Identifying R 

The off-diagonal entries of R — covariances between errors in sensors have been 

assumed to be zero. Values for the diagonal entries of R — variances which 

characterize the precision of the loading measurement technique (s) — were usually 

derived from straightforward replication experiments. Manufacturer's data on 

instrument precision, established analytical method tolerances, and "expert opinion" 

have also had their place. Size of measurement error generally varies within the range 

of measurement; this complicates the designation of R somewhat. If measurement 

precision were independent of the magnitude of an observed value a constant 

variance R (i, i) = r.., i = 1, ..., k, would apply. A simple example is an inexact yardstick 

whose lines are unevenly spaced. But when precision changes with observation 

magnitude, R (i, i) becomes a function of z(i) the observed value. Typically variance 

increases as magnitude increases, so that one value may be 10 + 3 and the next 100 + 20. 

In replicated measurements over the range of a sensor the ratio of the standard 

deviation to the mean of each set of replicates is often nearly constant. This ratio is 

the coefficient of variation. Its constancy is implied in a statement such as "the 

method is accurate to + 1%." We assume a constant coefficient of variation for each of 

the measurement techniques involved in monitoring mass flux past the gauging stations. 

Usually a total flow measurement and a physical/chemical analysis yielding a 

concentration are involved. Assuming no correlation between flow and concentration 

the coefficient of variation of the product of flow times concentration — mass flux — is 

approximated (Benjamin and Cornell, 1970, pg. 170): 
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(4) 

where 

z = CQ 

V denotes coefficient of variation 
3 

Q denotes total flow (length ) 
_3 

C denotes concentration (mass length ) 

A value for V was drawn from Stevens (no date, p. 23), which very generally 
(qj 

characterizes weir accuracy at + 3 to + 5%. This implies, assuming normality and 95% 

two tailed confidence levels, a coefficient of variation V of 0.0153 to 0.0255. We use 
W 

V„ = 0.02 (+4%). Greater accuracy in flow rate error characteriation awaits the results 
G ~ 

of ongoing weir calibration dye studies. With similar installations Sheppard et al (1973) 

found flow rate measurement errors ranging from 1.3% to 13%. Their highest errors 

occurred at lowest flow rates however, so that flow totals would be more accurate when 

any higher, more accurately measured flow occurred during the measurement period. 

Vc for water quality parameters were arrived at variously. For total nitrogen, 

total phosphorus, total organic carbon, and the eleven cations, replicate samples were 

analysed and typical coefficients of variation obtained (Table 2). Total and mineral 

suspended particulate measurement precision were estimated. 

But R requires variances, not coefficients of variation, associated with each 

loading measurement. Using the definition of the coefficient of variation, a variance 

may be calculated for any measurement once the coefficient of variation is known* 

R (i,i) = (Vzz (i))2 i = 1,..., k . (5) 

*Even more generally V may be a function of i, the particular basin if, for instance 
gauging stations have different precision, or different analytical techniques are applied 
to samples from different basins. In our applications this was not the case and V is 
held constant for a given water quality parameter. 
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Table 2 

Observation Error Coefficients of Variation 

Parameter vc VQ 
v 
VCQ 

Total Phosphorus .066 .020 .069 

Total Nitrogen .098 .020 .100 

Total Organic Carbon .063 .020 .066 

Nickel .100 .020 .102 

Copper .087 .020 .089 

Zinc .097 .020 .099 

Lead .140 .020 .142 

Chromium .104 .020 .106 

Cadmium .067 .020 .070 

Manganese .108 .020 .110 

Iron .081 .020 .084 

Potassium .069 .020 .072 

Calcium .046 .020 .050 

Magnesium .064 .020 .067 

Total Suspended Solids .015 .020 .025 

Mineral Suspended Solids .030 .020 .036 
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Here R has a particular statistical meaning. We are aware, however, of the very 

approximate nature of the VCq values used in its identification. This uncertainty casts 

doubt on the values obtained for £, but not on those of x. x remains the same for a 

given z and H regardless of the value of V__ as long as (5) is utilized to determine R. 

Alternatively, we may invoke the weighted least squares model formulation (3) to side¬ 

step questions of accuracy in R. If the method (5) of choosing the weights R 1 (i, i) 

inversely proportional to z(i) seems reasonable then the solutions x merit 

consideration. In that spirit the emphasis of later discussions is on the behavior of £ 

under variation in z and R; Z is discussed only briefly. One could consider that the 

weights R 1 are chosen from the statistical perspective imparted by the Fisher model 

and (5) because it is a reasonable way to choose them. 

Interestingly, one particular alternative for designating R will be familiar to 

many. If R is taken as the identity matrix or some scalar multiple of it then the 

solution simplifies to £ = [H'H] 1 H’z, which is none other than the no-intercept multiple 

linear regression solution. The Appendix explores this notion further. 

Equipment 

All computations were performed on a Hewlett-Packard 9830A calculator with 4K 

words memory and the matrix ROM. 

RESULTS 

Particular applications of the models are reported elsewhere in this symposium. 

An example is discussed here to illustrate the technique. 
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Example 

Total phosphorus 

Summer, 1975 (Julian dates, 153-244) 

Seasonal total loadings z 

-1 
Basin Loading (g - P season ) 

101 z(l) = 6.72 x 104 

102 z(2) = 6.10 x 104 

103 z(3) = 5.69 x 104 

105 z(4) = 6.20 x 103 

106 z( 5) = 3.26 x 104 

107 z(6) = 9.26 x 103 

108 z(7) = 4.86 x 104 

k = 7 

Land use classes H 

basin row crops* (ha) pasture* (ha) forest* (ha) 

101 35.19 61.39 129.28 

102 45.64 41.53 104.53 

103 16.66 41.77 195.06 

105 5.07 2.32 30.10 

106 13.36 34.37 47.59 

107 4.01 2.54 21.65 

108 40.04 30.37 79.98 

u = 3 

♦Consolidated land use classes as given in Table 1. 
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Observation error R 

R (i,i) = (0.069z(i))‘ 

101 

102 

103 

105 

106 

107 

108 

R (i,j) =0, i t j 

R (1,1) = 2.15 x 10 

R (2,2) = 1.77 x 10 

R (3,3) = 1.54 x io' 

R (4,4) = 1.83 x lO1 

R (5,5) = 5.06 x 10( 

R (6,6) = 4.08 x 10! 

R (7,7) = 1.12 x io' 

Solution x 

land use class loading factor + standard deviation 

row crops 

pasture 

forest 

522 + 105 

620 + 68.6 

106 + 19.8 

The diagonal entries of Z yield the loading factor standard 
deviations. 

Variance-covariance matrix for x Z 

1.11 x 104 

•3.99 x 103 

■1.37 x 103 

-3.99 x 103 

4.70 x 103 

-1.62 x 102 

-1.37 x 103 

-1.62 x 102 

3.91 x 102 

Weighting pattern matrix W 

-1.50 X lO'3 1.11 X lO'2 -1.61 x 10 2 3.11 X io~2 

5.94 X 10"3 - -1.97 x io"4 6.39 x 10”3 -7.74 X io'2 

-3.46 X 10~4 - -1.59 x 10-3 3.03 x 10 3 2.44 X io"2 

-2 -2 -2 
-1.07 x 10 1.14 X 10 1.89 x 10 

-2 -2 -3 
-1.99 x 10 -1.85 X 10 - -2.64 x 10 

-1.03 x 10"3 6.31 X i<f3 ■ -2.52 x l<f3 
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Model prediction z = Hx 

basin predicted loading (g- 

101 7.01 X 104 

102 6.07 X 104 

103 5.53 X 104 

105 7.27 X 104 

106 3.33 X 104 

107 5.96 X 103 

108 4.82 X 104 

The individual weekly loadings were also utilized separately to obtain weekly 

loading factors (g-P ha * week *) for the 13 summer weeks. Results are indicated in 

Figure 1. 

Sensitivity 

With this, as with any model, it is appropriate to ask the importance of any one 

parameter value to the output of the model as a whole. Insight could be obtained from 

the calculation of partial differentials such as-^pp-^ -^-and yp--^and-^- 

but no simple form of expressing these partial differentials was known to the authors. 

R is also a function of z in our formulation, further complicating the matter. In this 

paper to partially elucidate the behavior of x we varied R and z within reasonable 

bounds and observed the response in x and z - z. These sensitivity experiments are 

summarized graphically in Figures 2 to 11. 

Figure 2 demonstrates the effect of excluding loadings of one or two basins from 

the computations. The basin number indicates the solution when that basin is deleted 

from the model. For instance the loadings from basins 101, 102, 103, 106, 107, and 108 — 

excluding basin 105 — yield a minimum weighted least squares solution of x ep0pS = 

638, x . = 332, x, = 197, quite distinct from the full 7 basin solution and from 
’ pasture ’ forest ’ M 

the other 6 and 5 basin solutions shown. 

Figures 3, 4, and 5 chart each loading factor as the loadings on basins 101, 105, and 

107, respectively, are varied. These basins were chosen as paradigms of the classes of 
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Figure I. Weekly and seasonal loading factors 
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Figure 2. Loading factors when indicated basin or 

basins are excluded from model 

behavior revealed in Figure 2: 105’s inclusion depresses x and x* , but 
& F row crops forest 

inflates x pasture; 107Ts acts conversely; and 101's presence seems inconsequential. In 

fact it can be seen in the example that the three basin loadings are over-predicted 

(105), under-predicted (107), and well-predicted (101) by the 7 basin solution. 

The coordinates of these and all succeeding plots are normalized forms of the 

variates. In the legends the subscript Q always indicates the value of a variable in the 

unaltered 7 basin solution; hence zq (4) = 6200.7, xq, pasture = 620, etc. The plots range 
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Figure 3. Loading factors vs basin 101 loading 
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Forest 
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Figure 4. Loading factors vs basin 105 loading 

z(6)-z0(6) 

z0(6) 

Figure 5. Loading factors vs basin 107 loading 
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from abcissa = 0.1 abcissaQ to abcissa = 10 abcissaQ, which after normalization appears 

as a range of -0.9 to +9. 

General impressions conveyed by Figures 3-5 include that 

(1) decreases in loadings impact loading factors more severely than 

increases of the same amount; 

(2) under-estimation of one basin’s loading by even an order of magnitude 

may be of little consequence to the solution (e.g., 101 or 107); 

(3) conversely, a modest relative change in a ’’pivotal” basin’s loading can 

alter the solution significantly (e.g., 105); 

(4) row crop and forest loading factors move in the same direction in 

response to loading variation, while the pasture loading factor opposes 

them; 

(5) beyond a certain point further increases in z(i) actually drive the 

solution back towards the unaltered solution somewhat (note the 

inward bow of the curves). It is as if the model finally acknowledges 

the absurdity of the loading values and returns toward the original 

estimate. Thus, we have a bound on x at least for z (i)> z^, i = 1,4,6. 

The central role of the observation error variances R (i, i) becomes evident in 

Figures 6-11. The first three plots present the response of the loading factors to vari¬ 

ation in R (1, 1) of basin 101, R (4, 4) of basin 105, and R (6, 6) of basin 107, respectively. 

2 
Recall that R (i,i) is estimated from R (i,i) = ( V/^r.z(i)) , constant, so that 

R (i, i) grows as the square of the basin loading. Thus, a lower yield basin will have a 

much lower observation variance than a higher yield basin. In (3) we observed that the 

model solution is minimizing a weighted error sum of squares in which the weights are 

the inverse observation error variances: 

MIN l (z (i) - z (i))2/R (i,i) i = 1, . . .,k 
i 

where z = Hx is the basin loadings predicted by the model solution. Basins such as 105 

with distinctly lower observation errors weigh heavily in this sum of squares and may 

exert great influence on the solution. Figure 7 demonstrates this well. As R (4, 4) 

increases — interpret this as decreasing reliability of the 105 loading measurement — 

the importance of matching the observed loading z (4) with the predicted loading z (4) = 

H (4,1) x (1) + H (4,2) x (2) + H (4,3) x (3) diminishes, and the solution quickly 
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approaches the quite distinct 105-excluded solution. On the other hand basin 107 ranks a 

close second smallest in total loading. But "releasing” the model from any obligation to 

predict z (6) by increasing R (6, 6) in Figure 8 causes much less readjustment of the 

loading factors than is seen in Figure 7. Finally the observation error assigned to higher 

loading basin 101 is almost irrelevant for this data set. 

For comparative interest the no-intercept multiple linear regression solutions are 

plotted. They are clearly different from the Fisher or weighted least squares solution. 

The final Figures 9-11 complete the picture. There the model prediction minus 

observation deviations z (i) - z (i) are plotted for varied observation variance. For a 

particular R it is the weighted sum of the squares of the vertical distance of these lines 

from the horizontal axis, each squared distance weighted by z (i)/R(i,i), which is 

minimized by the solution. 

In Figure 9, 10, or 11 we see that the unaltered solution (R=Rq) predicts loadings of 

basins 105 and 107 relatively most poorly. Figure 10 shows how the loading factors can 

jockey to minimize predicted-observed as the basin 105 prediction error is discounted. 

Obviously the 105 loading is over-predicted (or under-observed?) and is unilaterally 

reshaping the solution considerably. We saw that in Figure 2. But the even bigger 

under-prediction error z(6) - z(6) of basin 107 "distorts" the model solution much less. In 

Figure 11 we see that as we diminish the weight of z(6) - z(6) in the minimization by 

increasing R (6, 6) the solution readjusts only modestly. Why does the solution respond 

so dramatically to discounting of one poor prediction but not to another even poorer 

one? Apparently basin 107, although poorly predicted, requires for better agreement 

changes in x which would wreak havoc in the z(i) - z(i) of the other basins. This can be 

seen in the sharp slopes of the curves to the left of the origin in Figure 11. The sum of 

squares penalty for a small z(6) - z(6) is too great to consider; the unaltered model 

essentially has already sacrificed basin 107 for better prediction of the other loadings. 

Therefore eliminating the importance of basin 107 to the solution has little impact. 

Basin 105 demonstrates the opposite condition. Here in the region of R (4, 4) = R (4, 4) 
2 ® 

the solution is still contorting to diminish (z(4) - z(4)) /R (4, 4), and it will respond to an 

increased R (4, 4). 

Basin 101 is well predicted, so that whether R (1, 1) is large or small, (z(l)- 
o 

z(l)) /R(l, 1) is small and the minimum sum of squares solution is barely affected. 

Conspicuous in its absence is an exploration of the sensitivity of the solution to H, 

the land use matrix. H is, of course, at the heart of the model, and like all real data, 

subject to error. If particular values were suspect then further experimentation would 
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be valuable; otherwise it is not clear where to begin. A number of alternatives will be 

explored in the near future, including an expansion of the number of land use classes and 

alternate schemes for aggregating use types into classes. 

In summary, the sensitivity results convey the potential of any basin loading or 

loading observation error to alter the solution, but reasonable changes in some of these 

values will have much greater impact than changes in others. Prediction error is 

important, and low yield basins can be especially influential, but this depends on the 

shape of the prediction error vs. observation error curve near R-Rq=0. 

It is important to be aware of the limited generality of the above observations on 

model sensitivity. Solution behavior is a function of H, R, and z, and from week to 

week or season to season only H remains constant. The behaviors explored here are in 

the region around a particular z and its (functionally dependent) R . To the extent 

that any z recurs the same behaviors will hold. Beyond that, presenting a method of 

inquiry and general classes of behavior is the primary goal of this section. 

DISCUSSION 

The results from this single season of total phosphorus data suggest several 

questions. For instance, why did basin 105 under-load and 107 overload while the others 

seem to have adhered to a common set of loading factors? 105 and 107 have similar land 

use mixes, and these are similarly distributed within the basins: pasture and row crops 

upstream, forest downstream. A possible explanation exists for the 107 overloading 

behavior. This watershed experienced an unnatural disturbance throughout 1975 while 

the Center built a new building and reshaped existing roads. An artificial input of 

sediment and the associated chemical burdens was likely. Basin 105 is more of an 

enigma since no unusual activity was apparent which might impede phosphorus export. 

Basin 103 is similar in land use mix to 105, but 103 exported very close to the 7-basin 

predicted value. Possibly basin size (103 is 6.8 times larger than 105) or the land use 

distribution (103 is motley, 105 more stratified along the stream gradient) affects 

loading. Certainly additional summers of data will be required to weed out artifactual 

behavior, but at this time there is no particular reason to dismiss the low 105 loading. 

Figures 7 and 5 indicate that to bring 105 in line with the 105-excluded solution would 

require an increase of less than a doubling of the 105 loading; the low loading is not 

terribly low. It should be mentioned that one sample was lost from basin 105 during a 

week of very low flow. The other basins either were dry (102, 103) or exported between 

0.14% (108) and 0.83% (106) of their own seasonal loadings. The average figure for 
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flowing basins was 0.44%. Although some flow occurred from basin 105 we took the 

weekly loading as 0. Generously approximating z(4) = 6200.7 + (0.0044) (13/12) made no 

appreciable difference to the solutions. Thus the 105 under-loading remains unexplained 

for the present. 

Figure 10 suggests an interesting prospect: why not, in the weighted least squares 

spirit, vary the individual R (i, i) values to obtain a better prediction of the "reasonably” 

behaved basins? Here it seems that increasing Rq (4, 4) by a factor of about 1.5 all but 

eliminates prediction error for basins 102, 103, 106 and 108 while improving 101 and 107 as 

well. This solution should be quite close to the 105,107 excluded solution (shown in 

Figure 2), although it is not as close to the 105 excluded solution (approached at the ends 

of the curves in Figure 10). Actually, though, it is of no particular value to adjust these 

weights after examining the data. Regardless of the model assumed, viewing the R 

values as free parameters makes it possible to fit the data, but greatly confuses 

interpretation of results. However, figures such as 9-11 do suggest which basins behave 

similarly. The convergence of the four lines on the horizontal axis (Figure 10) indicates 

that these basins are loading proportional to their land use areas and that the loading 

factors for these four are best obtained from a four or five (including 101) basin solution. 

One caution: as the number of basins decreases toward the number of land uses 

one is bound to get better agreement between predicted and observed for mathematical 

reasons. The square system (k=u) will have perfect agreement. It is legitimate to 

calibrate the loading factors any way that seems reasonable, but then the verification 

of the model must involve the comparison of observations and predictions for basins not 

involved in the loading factor derivation. However, a large number of basins yielding a 

set of loading coefficients which predict those basins closely would also be very 

reassuring. 

Finally, if the weighted least squares model seemed an adequate tool then there is 

really no reason to insist on weights inversely proportional to observations. Even more 

generally there is no particular call for an error index which is a least squares 

expression as opposed to, say, a least cubes. These irreverent speculations may deserve 

attention at some future time; for the present the results and the ability of the model 

to focus inquiry are promising. 

On Z 

The Fisher model yields an estimate of the loading factors x and an estimate of its 

precision, £. £ is a variance-covariance matrix, i. e., an estimate of the variance of 
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variable x (i) is given by entry £ (i, i) while the covariance between variable x(i) and 

variable St (j) is given by entry £ (i, j). The matrix is, of course symmetric; that is, 

£(i, j) = 2 (j, i). Equation (2) for £ reveals the source of the variance-covariance 

estimates: H and R. It is instructive to examine the expression more closely. In 

particular when R is diagonal each diagonal element of £ * = H’ R 1 H is the weighted 

sum of the squared elements of column i of H divided by the variance appropriate to 

their row, and the off-diagonal entries of £ * are the sums of weighted cross-products 

between entries within each row of H: 

2 ~1=H'R % 

X ihu2/rii XihflhI2/rii . 

Xihiihi2/rii Xih2i2/rii • 

)ihilhik/rii £ihi2hik/rii *' 

X ihilhik/rii 

Xihi2hik/rii 

/u>ii 

where all summations are for i = 1, . . . , k. 

The diagonal elements of £ seem particularly useful for our purposes since they 

will provide confidence intervals about the estimated x. The off-diagonal elements 

might be interesting in suggesting linear dependence between the x (i)’s, but they were 

not examined here. 

It is important to realize the limited scope of the error estimates provided by 

the Fisher model. If the linear model z = Hx (k> u) were a perfect simulation of reality 

and z perfectly measured then a particular vector x would satisfy all k equations 

exactly. When the model is imperfect or measurements subject to error no single set of 

x-values satisfies all k equations simultaneously. We may identify three general classes 

of error leading to such a condition: 

1. inaccuracies in the measured values of z: "observation error," modeled by v 

and R; 

2. inaccuracies in the chosen values of H; "structural model error", not addressed 

by this approach (hypothesis testing may be appropriate); 

3. inappropriate formulation of the model: "model error," not addressed by this 

approach (retreat to drawing board). 

£ results from the propagation of error #1 through the assumed perfect model, 

yielding error #l’s effect on the estimate x. However errors #2 and #3 when present 

will not be reflected in the values of £. They will most likely manifest as inconsistent or 
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nonsensical values of x. For instance high negative values or dramatic changes in 

loading factors would suggest that error #2 or, more ominously, #3 is at work. The 

utility of £ is in setting absolute minimum confidence levels in x which do incorporate 

variable confidence levels in original data measurements. 

Additionally, relative contributions of each of the k observations toward the 

estimation of each & (i) are given by W = H' R * 1 2 3, the "weighting matrix" (Schweppe 1970, 

pg. 104). This allows one to identify crucial measurements influencing each estimate, 

perhaps suggesting where to improve measurement precision (decrease R), or where to 

alter the measurement strategy (change H), in order to improve estimation precision 

(decrease E ). Cost functions might be associated with changes in R or H, thus allowing 

optimal measurement strategies to be determined. All these calculations, of course, 

presume the exactness of H and R and the appropriateness of the model formulation. 

On model realism 

The model will seem to some almost painfully simplistic. In an age producing such 

detailed mechanistic models as NPS (Donigian and Crawford, 1976) and ACTMO (Frere, 

et al, 1975), we attempt to link runoff quality linearly to land use area alone, ignoring 

many well-recognized factors influencing mass transport from watershed to stream. 

These include: 

(1) rainfall distribution in time and space, evapotranspiration, vegetation, 

soil moisture and groundwater conditions, land slopes, consequent runoff 

pathways and intensities; in short, dynamics of the hydrology 

(2) spatial distribution of land use zones relative to stream(s) 

(3) transformation, storage and release dynamics of quality constituents. 

However, seasonal and especially yearly averages may smooth over short-term 

errors due to (1) and (3). Certainly, the seasonal loading coefficients appear more 

reasonable than the weekly ones. (Figure 1). The role of (2) is simply presumed 

secondary for this analysis; it of course remains available to be invoked when 

discrepancies arise in the results. This model is admittedly an exercise in gross 

simplification; but it will be vindicated if we obtain consistent results from the loading 

factor estimations year to year and also satisfactory model verification using data from 

other watersheds. The latter tests will be performed in the near future using runoff and 
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land use data from tributaries within the Patuxent River basin. If the model proves 

workable, the simple requirements could make it or a later version a useful management 

tool. 

APPENDIX 

Comparison of model to multiple linear regression 

For those familiar with multiple linear regression (MLR) the model (1) and solution (2) 

are a new version of an old friend. In particular if R is taken as the identity matrix 
2 

times a constant a 

R = a * 2I 

then the model becomes the no-intercept MLR model and the solution becomes the no¬ 

intercept solution. In typical notation (Searle, 1966) 

Y = Xb + e 

E (e> = 0 

E fee’} = o21 

where 

Y (i) = dependent variable, iin replication 

X (i>j) " jth independent variable, ith replication 

b (j) = jth unknown constant slope or partial regression coefficient 

e - zero mean, finite variance observation error for all Y measurements 

o = standard deviation of e, same for all Y measurements 

Thus, MLR is a particular case of Schweppe's Fisher formulation (1). The crucial 

difference hinges on the source of the uncertainty of the dependent variables (z or Y). 

In the Fisher model R is provide a priori, externally. In the MLR model, b is estimated 
2 

from the squared deviations (Y (i) pre(j^cte(j -Y (0 observed^ ” unc*er the assumption that 

the variance of Y measurements is the same for all measurements, o2 = const. 

Other comparisons are also drawn between MLR and the Fisher formulation in 

Table 3. The entries under solution criteria demonstrate that the MLR solution simply 

minimizes the summed squared deviation of predicted minus observed, whereas the 
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Fisher model penalizes some deviations (those measured more accurately) more heavily 

than others in selecting the solution. 
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DISCUSSION 

Pluhowski: In your multiple regression techniques I was wondering what effect the 

distribution of different types of land use and general shape of the basin might have. If 

you could get a figure for the center of gravity, for the forested area, with respect to 

the nearest stream channel and put that type of information into your various models 

here, you might be able to factor out much of the error in taking this approach. Taking 

the center of gravity of the forested or the residential area and its distance from the 

nearest stream channel, if you put that into your multiple regression analysis, you could 

see how much of the error that might explain. I think this is one factor which might 

help you, which also might explain why some of these basins appear so far off. 

Newby: Is it possible that seasonal patterns of rainfall could make this analysis not 

quite as accurate? 

Chirlin: Certainly, the pattern of rainfall makes a big difference to transport and the 

rainfall just at the beginning of one season or just at the end of the previous one will 

make a big difference to the loading factors, that you calculate for a season. It might 

be more valuable to look at annual transport. This isn’t trying to delineate any 

particular mechanism. If there are patterns it would be nice, especially if there are 

patterns which are consistent. We are going to be doing some verification of these 

coefficients, these loading factors, by running weirs on similar type watersheds on the 

Patuxent, predicting by land use what the loading should be season by season, and seeing 

whether or not they agree. It's definitely true through runoff patterns make a big 

difference. The thing is you try and lump big enough so that you get average lumped 

systems where individual variations within them are not so great. 

Hayne: Your use of the word loading is a technical term in your matrix operations, 

right? Or is it the loading that referred to by the others here? 

Chirlin: No, the loading referred to by others. 

Hayne: I noticed yesterday that 10 out of 84 in one display were negative. What’s the 
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interpretation you provide your biologists for a negative contribution? 

Chirlin: There are two possible interpretations. One of them is you associate that 

negative number with its standard error. It’s not necessarily anything significantly 

negative. The other one is that you've got straightforward thinking and say well 

sometimes you have sinks and sometimes you have sources. A negative number would 

be a sink, but physical explanations of that are often hard to find. There weren’t any 

standard errors associated with those estimates. I imagine those negative numbers had 

standard errors bigger than their absolute value. 

Turner: You showed some differences between predictive and observed. Was that based 

upon the goodness of fit of the model or was it run after the period of calibration? 

Chirlin: No, those were not verification runs. Those were the same figures used to 

derive the loading coefficients. 

Turner: Presumably over the next year, you can measure the total output from the 

basins, run your model and predict what the output should be based upon the yields. 

Chirlin: That will be more of a verification because then you’ve got different rainfall 

regimes. Not only can we do it that way, we can do it on other basins as well as the 

same basins, because if there’s any extensibility you want it to work on a Patuxent 

basin. 

Pionke: What kind of analysis have you done to determine whether or not the water 

quality output parameters were representative of that land use up on the watershed? 

Chirlin: Not personally. I have been told that they’re not unreasonable values for those 

land use types and I’m not familiar with the literature myself. 
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MODELING SEDIMENT TRANSPORT IN NATURAL CHANNELS 

R.C. Johanson and K.M. Leytham 

Hydrocomp Inc., Palo Alto, California 

Abstract - This article discusses some of the problems which must be 

addressed when modeling the transport of sediment from the perspective of 

pollutant studies. The role played by colloidal material in conveying 

pollutants is stressed. A sediment transport model being developed by 

Hydrocomp Inc. for the Environmental Protection Agency is outlined. The 

concepts and constructs which are used to represent the behavior of mixtures 

of cohensionless and cohesive sediments are presented. The authors conclude 

by posing some questions which must be answered if signifcant progress is to 

be made in this field. 

INTRODUCTION 

This article discusses some of the processes which must be considered in 

developing a model to simulate sediment transport in natural channels. The 

type of model envisaged attempts to reproduce the behavior of actual physical 

processes using algorithms which incorporate sets of equations. These 

algorithms simulate a system by operating on input data in a predetermined 

fashion to produce the outputs. In terms of a classification system proposed 

by Clarke (1973) this would be a "deterministic conceptual" model. The 

subject of sediment transport in open channels is complex, and we will limit 

the scope of our discussion. In particular, we will address the subject from 

the perspective of pollutant transport. Factors which bear directly on the 

movement, reaction, and storage of pollutants are considered important; 

others are of peripheral interest. 

The research which gave rise to this article is being performed by 

Hydrocomp Inc. for the EPA, Environmental Research Laboratory at Athens, 

Georgia (ERL-Athens). Sediment transport modeling is part of the EPA1s 

effort to develop tools for studying the problem of nonpoint source (NPS) 

pollution. Models can be of assistance in understanding the dynamics of 
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existing situations and for assessing the likely effects of contemplated 

changes in land use and farming practices. Typical NPS pollutants include 

nutrients, pesticides, and herbicides. The fate of many of these pollutants 

is closely tied to the movement of sediment, particularly the finer material 

on which they tend to adsorb. Moreover, sediment itself is often a 

pollutant. It follows that sediment transport must be modeled before a 

general model for pollutant transport can be constructed. Unfortunately, 

this is a formidable task. For this reason the present project has been 

limited to sediment. 

The movement of water and sediment through a watershed is often 

visualized as a two phase process as described by Bennett (1974). He call 

the first the "land" phase because it covers those water and sediment 

processes which are distributed over the land surface, e.g., rainfall and 

overland flow, detachment and transport. We call the second the "channel" 

phase which covers the processes taking place in well defined channels. 

Several existing models simulate the movement of water, sediment, and 

chemicals through the land phase. Examples are the Agricultural Runoff 

Management (ARM) Model (Donigian and Crawford 1976) discussed in a companion 

paper at this workshop and the models described by Fleming and Walker (1976), 

Frere, Onstad, and Hoi tan (1974), and Patterson, et al. (1974). The research 

reported in this paper concerns the channel phase. The model is designed to 

operate in tandem with the ARM Model, which simulates the water and sediment 

runoff from land surfaces tributary to a channel network. The channel 

process model simulates the transport of water and sediment through the 

channel system represented as a network of reaches. 

THE NATURE OF SEDIMENT 

The term "sediment" can refer to any particulate matter in a watershed. 

We use it to refer to particulates which are being moved into or through 

waterways. Most sediments can be assigned to one of two broad categories 

according to orgin: 

(1) organic matter: usually the products of varying degrees of 

decomposition of animals and plants ranging in size from colloidal 

humus particles to very large chunks of material. 
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(2) mineral particles: sediments ranging in size from clay particles, 

which are of colloidal or near colloidal size, through silts and 

sands to large boulders. 

Moving sediment particles can transport pollutants because of the 

phenomenon of surface adsorption. In this respect colloidal materials are 

extremely active, but larger particles are practically inert. However, this 

neat division is sometimes complicated when, for example, sand particles 

become coated with very active fine organic matter. The sand then becomes an 

indirect carrier of the pollutant. Because of the important role played by 

colloidal material in transporting pollutants, some comments will be made 

concerning their structure. 

Clay particles are very small (<4 ym) and are made up of laminated 

plates or rods of alumina and silica. As a result the ratio of surface area 

(both internal and external) to mass is huge, i.e., specific area is very 

large. The structure of a crystal is such that each surface contains 

thousands of negative charges; as a result a crystal will attract any cations 

present in the surrounding water. Adsorbed cations include metals such as Ca++ 

Mg++ and Na+, as well as cationic pesticide radicals and the NH+ radical. 

In general, many different types of cations will be adsorbed on a single 

crystal, and these will readily exchange with others in the surrounding 

fluid. If the ionic composition of the surrounding fluid changes, a 

corresponding change occurs in the number of adsorbed cations. The 

adsorption-desorption process attempts to establish an equilibrium between 

adsorbed and dissolved cations. Thus, if the concentration in the solution 

increases, more cations will be adsorbed on the particle surfaces. These 

will tend to neutralize the negative charge on the particles and the 

associated mutually repulsive forces. If the cation concentration in the 

water is high enough, the repulsive forces will be reduced to the point where 

they are outweighed by Van der Waals forces which are always attractive. 

There will then be a net attractive force between particles. Krone (1962) 

calls this state cohesion. It permits particles to collide and join together 

to form aggregates--a process termed flocculation. 

The structure of organic colloids is more complex and more variable than 

that of clays. The nucleus consists of various compounds composed of mostly 

C and H. They can be oxidized to inorganic material. So, unlike clays, they 
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are not conservative substances. However, they are similar to clays in that 

the nuclei have a strong negative charge and attract and adsorb cations. In 

fact, the cation exchange capacity of organic colloids far exceeds that of 

even the most active clays. 

SEDIMENT TRANSPORT PROCESSES 

To remove material from a stream bed, flow generated forces must 

overcome stabilizing forces. In the case of cohesionless sediments, such as 

sand, this happens when the lift and drag produced by turbulent velocity 

fluctuations near the bed overcomes the stabilizing forces generated by the 

immersed weight of the particle. Einstein (1950) used this criterion as a 

starting point in his classic work on bed load transport. In the case of 

cohesive sediments, such as clays and colloidal organic particles, the major 

stabilizing force is the attraction between the particles and particle 

aggregates which make up the bed surface. This cohesion makes the bed far 

more resistant to scour than would be the case if submerged weight were the 

only stabilizing force. Cohesive beds may be thought of as consisting of 

several layers, each with its own shear strength. Significant scour will 

only take place if the shear force exerted on the bed by the flowing water 

exceeds the shear strength of the weakest layer. The properties of cohesive 

beds have been extensively investigated by Krone (1963) and Partheniades 

(1970). 

We now consider the behavior of sediment particles suspended in the 

stream. If the water were absolutely still all sediment would settle to the 

bottom. Settling velocity (V$) is strongly dependent on particle size; sand 

settles quickly whereas clay particles settle very slowly. In moving water, 

turbulence will be present to some degree. For the purpose of this 

discussion we may view it as superimposing a randomly fluctuating vertical 

component on the velocity of a settling particle. The shear velocity (V*) is 

a measure of this component. The effect of turbulence is that, even in a 

steady flow, the water will never completely clarify. Sediment particles 

will be lifted off the bed and projected upwards into the flow at a rate 

which eventually balances the rate of deposition due to settling velocity. 

(The exceptions are situations in which sediment is too coarse to be scoured 
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or the bed is cohesive and and is not eroding.) Rouse (1937) derived a 

formula for the equilibrium concentration profile for cohesionless sediments; 

the dimensionless ratio (V$/V*) is a crucial factor. 

The behavior of suspended cohesive sediments is complicated by the 

possibility of flocculation. If colloidal sediments are suspended in water 

with low salinity, they will remain dispersed and the settling velocity will 

be very small. If however, the salinity rises above a certain critical 

level, the particles will be able to flocculate. The resulting aggregates 

will settle much faster than primary particles. This is what happens in an 

estuary. Note that there is usually a maximum size (or order) of particle 

aggregate because large aggregates are relatively weak and are easily broken 

by shear in the flow. These processes are usually dynamic. Aggregates may 

simultaneously be growing in one portion of the flow profile and breaking in 

another. 

Sediment transport involves the motion of a multitude of individual 

particles, each with its own trajectory. Some particles may be depositing on 

the bed while others are being scoured away. The difference betv/een these 

rates determines whether there is net deposition or scour. An equilibrium 

situation is actually the average of many unsteady movement/rest/movement 

trajectories. Because there is a constant interchange between suspended 

sediment and sediment on the bed, any contaminated material which enters a 

reach will soon appear in the surface region of the bed. To predict the 

effect one would need a model which realistically simulates the time behavior 

of the bed. It would have to predict factors such as the relative quantity 

of contaminated material in the surface (mixing) zone, the thickness of this 

zone and the variation of these quantities with time. 

Prediction of the mixing zone thickness requires a distinction between 

cohesive and cohesionless beds. Cohesive beds are flat or almost flat and 

there is very little, if any, vertical mixing of sediment in them. The 

mixing zone is very thin. In cohesionless beds, the mixing zone depends on 

particle size. Materials finer or coarser than sand will usually form flat 

beds. The mixing zone will again be quite thin. The vast majority of stream 

beds, however, consist of sandy material of intermediate size. With this 

material^ flowing water causes the sand surface to deform into a wavy pattern 

in much the same way as the wind molds a sandy surface. 
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A variety of characteristic bed forms have been distinguished. This 

subject is discussed in texts such as the manual published by the American 

Society of Civil Engineers (1975). The type of bed form depends on the flow 

conditions and the bed material. Researchers such as Simons and Richardson 

(1966) and Vanoni (1974) have developed criteria for predicting the 

occurrence and type of bed form given the hydraulic conditions. 

The most common bed forms are ripples and dunes. They travel slowly in 

the direction of flow and mix all the sand which they contain. Under these 

conditions the mixing zone is approximately equivalent to a smooth layer with 

thickness one-third the mean amplitude of the waves. 

Where the bed contains a mixture of sediments of differing sizes it is 

possible that armoring will occur. Under some flow conditions, the coarser 

material in the bed may be immobile. The flow washes finer materials out of 

the bed surface leaving an armor coat of the coarser material. This protects 

underlying material from scour. To model the armoring process* it seems that 

we must subdivide the bed into layers so that the variability of particle 

size distribution with depth can be described. 

The conditions affecting sediment transport in a stream vary both in 

space and time. As a flood passes a given point* the bed might be scoured as 

the flow rises and then refilled as it recedes. Material buried for some 

time will be removed and replaced with other sediment. If one simultaneously 

monitors the event at several points in the reach* a highly variable picture 

can be expected. At some points there might be a lot of scour and refilling; 

at others there might be little or none. Some sand or gravel bars may 

disappear; others may be created. There is also variability which is more 

systematic. For example, the velocity and depth of flow near the edges of a 

channel are less than velocity and depth near the center. This can result in 

relatively coarse material being moved down the mainstream while fine 

material is being deposited near the banks. Unfortunately, practical 

considerations almost always force us to use one dimensional models to 

represent stream channel processes. As a result, much of the spatial 

variability discussed above cannot be explicitly represented. We must model 

the "average" situation in a reach or, possibly, subdivide it into midchannel 

and side channel subsections. 

Some streams are characterized by migrating meanders. Material is 

866 



eroded along some portions of the meander and deposited on others, resulting 

in a net downstream movement of the sinuous stream channel. Sediment 

deposited on the bank may remain there for decades or even centuries before 

being re-exposed when the next meander arrives. In such a case the stream is 

reworking material in the entire meander belt, not only in the mixing layer 

on the bed, as is the case with fixed channels. This does have implications 

for pollutant transport modeling. If contaminated sediment is involved in 

meander deposition and scour, particles deposited in the meander belt might 

remain stationary for many years, and the adsorbed pollutants would be 

subject to processes such as degradation. The model should include these 

factors. However, if the belt only contains coarse sediments and the 

contamination is confined to fine material which travels as wash load, 

meander migration will have a minor effect on pollutant movement. 

INFLUENCE OF CHEMICAL POLLUTANTS ON SEDIMENT MODELING 

The purpose of this section is to indicate some of the requirements that 

chemical pollutants impose on a sediment-pol1utant model. Most chemical 

pollutants travel in solution or adsorbed on colloidal material. Many can 

exist in significant concentrations in both forms. If there is an imbalance, 

ions will tend to migrate so as to restore equilibrium between the adsorbed 

and dissolved states. Some other processes which influence pollutants are: 

volatilization, oxidation, biological reactions, and other chemical 

reactions. 

It seems that the main implication for sediment modeling is that we must 

track the movement of colloidal material. If a stream transports large 

quantities of coarse material but, at the same time, deposits silt and clay 

along its banks or flood plain, the latter process will probably be more 

important to us. By contrast, an engineer concerned purely with the 

quantities of sediment transported would justifiably neglect the silt and 

clay. 

It will probably be necessary to represent the bed with several layers 

in order to estimate the concentration of chemicals in it. Consider, for 

example, a bed on which contaminated sediment is depositing. Even if the 

sediment composition is uniform throughout the bed profile, the chemical 
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composition may vary because the material in lower layers has had more time 

to react or degrade than the overlying material. Sediment age is therefore a 

consideration. 

To us, the importance of coarser sediments is not clear. Although they 

are relatively inert, sand particles can be covered by colloidal matter, in 

which case they would harbor chemicals and would probably behave as cohesive 

sediments. It is not clear what effect a mobile sand bed has directly on 

finer sediments flowing in the overlying stream and indirectly on pollutant 

transport. Most stream beds consist of relatively clean sand which is formed 

into traveling ripples or dunes. In this case, colloidal material and silt 

is probably scrubbed off the sand particles. Thus, the mobile sand bed 

prevents fine material from becoming a significant bed constituent and, 

indirectly, keeps contaminants out of the bed. On the other hand, for flow 

over a coarse, immobile bed, experiments by Einstein (1968) have shown that 

fine material is deposited in the interstices between gravel particles. This 

takes place to some extent irrespective of stream turbulence and is one 

mechanism whereby fine material and associated pollutants can be retained in 

a stream bed. Fish spawning areas are sometimes spoiled in this way. 

In view of the uncertainty regarding the role of cohesionless sediment, 

it would seem wise to include all sizes of material in a sediment pollutant 

model. After all, sediment itself is often a pollutant. 

REPRESENTATION OF SEDIMENT PROCESSES 

The previous sections of this paper have described the transport 

processes which occur in natural systems to the extent that we currently 

understand them. Much of our knowledge is only qualitative in nature; that 

is, we know how or why a process occurs, but definitive figures on rates or 

quantities are lacking. The step of moving from the partially understood 

physical world to its mathematical representation requires a number of 

assumptions and simplifications. The next step from the mathematical 

representation to the implementable computer code is yet another step from 

reality, and it is important that we detail our assumptions and 

simplifications so that the performance of a mathematical model can be 

adequately evaluated. This section will describe the representation of 
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sediment transport as it is being implemented, and assumptions and 

simplifications will be pointed out when they occur. 

The model developed treats the time variant problem of one-dimensional 

water and sediment routing in natural channels. The driving functions for 

sediment transport (flow velocity and depth) are provided by a kinematic wave 

representation of channel flows. It is assumed that there is no feedback 

from sediment processes to hydraulic processes. For example, scour or 

deposition is assumed not to affect the hydraulic properties of the channel 

network. The governing equations for water movement can thus be solved 

independently of the continuity equation for sediment transport. In addition 

to the computational advantages, this approach separates hydraulic and 

sediment computations to the extent that substitution of an alternative 

hydraulic routing algorithm can be easily made. The sediment algorithms 

cannot at present operate in situations with flow reversals or with 

bifurcations. The finite difference representation is based on a four point 

explicit scheme (Figure 1). 
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Figure 1. Grid for finite difference scheme 

The kinematic scheme for flow routing will not be described. The 

hydraulic routing algorithms are required to give values of flow discharge, 
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cross-sectional area, and top width at the points ABCD. These are the only- 

hydraulic parameters required by the sediment algorithms. For all intents 

and purposes the sediment algorithms are independent of the type of hydraulic 

routing algorithms for uni-directional flow, and where the hydraulic 

parameters come from is immaterial. Since the model will initially be tested 

on streams with minimal backwater effects, more sophisticated routing methods 

are not warranted. The kinematic algorithm provides adequate accuracy and is 

quite efficient in terms of computational effort. 

Continuity of sediment transport gives 

9G + p 3(AC) + aM 
3x 3t at " 

Eq. 1 

where G = mass sediment discharge (FIT *) 

= pQC 
-3 

p = density of water (ML ) 

Q = flow discharge (L3T~1) 

C = sediment concentration as mass sediment/unit mass water 
2 

A = cross-sectional area (L ) 

M = mass of sediment on the bed per unit length of bed (ML”1) 

gg = lateral sediment inflow per unit length of channel (FIT”1 L~1) 

Substituting G = pQC in Equation 1: 

p m.) + p m) + jm _ g =0 
p sx p at at 9s u 

The following approximations are made: 

3(QC) 
3X 

Eq. 2 

i [O - si> {<C(5)i+i - tCQ)i] + ei [Will - 

^ = aT [(1 - e2) {(CA)j+1 - (CA)J } + e2 {(CA)^j - (CA)J1+1jj 

A similar expression is used for 3M/3t using the weighting factor 0g. 

User-defined weighting parameters 0p 02, and 0g are used to control the 

stability and accuracy of the scheme. In general values of 0 should satisfy 
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0.5 4 04 1. The subscript i refers to space line i. The superscript j 

refers to time line j. 

The lateral sediment inflow is represented by an equivalent constant value, 

gs, over At and Ax. Typically, gg would be obtained from the ARM or similar 

model. Introducing these approximations into Equation 2 and rearranging we 

have: 

pj+1 
Li+1 

j+1 
i+1 AX 

0^+1 
2 i+1 KAt At 

(2) 

J + 1 
03(Mi+l " Mi+1} + (1 ” 03)(Mi+1 ' Mi 

_1 
AX 

+ 

©! (CQ +1 

1 
pAt 

02(CA) 

- (1 - 0X) {(CQ)^+1 - (CQ)-?| 

]+1 - (1 - e2) j(CA)f1 - (CA)fj. Eq. 3 

It is assumed that conditions along time line j and space line i are 

known and that we are presently stepping along time line j + 1. Note that 

expression (2) in Equation 3 represents net scour/deposition per unit length 

of the bed (deposition positive). Hence, the unknowns are and or 

the net scour/deposition. 

As pointed out earlier, different particle sizes are transported 

differently and have different affinities for chemical pollutants. Also, the 

gradation of material is instrumental in the development of amoring. It is 

important then that a model be able to represent the movement of the range of 

particle sizes found in a channel system. The present version of the model 

considers discrete particle size fractions: one fraction representative of 

clays, one for silt, and any number of fractions for sands. In a natural 

channel especially in the upper reaches of a system, there is usually a wide 

gradation of material. The discrete size fractions chosen for use in a given 

application should obviously be representative of the actual gradation. Some 

problems arise in this representation. Discretization of sediment sizes 

causes some discontinuity in computed results, e.g., as flow increases, 

formerly immobile material will become mobile in steps instead of following a 

smooth transition. The effects of this assumption can only be evaluated 

after experience has been gained in using the model. 
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Returning to the difference representation* Equation 3 must be applied 

to each particle size fraction. The method of solution of Equation 3 depends 

on the size fraction being considered. Recall that there are two unknowns 

and Both the sediment discharge concentrations and the mass of 

material removed from or added to the bed depends on the composition of the 

bed. Interaction of flows and bed are thus an integral part of the model. 

The bed is described in each channel reach by a number of bed layers; the 

composition within each one is assumed to be homogeneous. The initial 

thickness of these layers and their composition by particle size fraction are 

input by the user. Two very distinct types of bed layer are envisaged: a 

cohesionless layer and a cohesive layer. 

A cohesionless layer is defined as one in which the percentage by weight 

of silt and clay is less than a user provided parameter BIND. BIND is that 

percentage of cohesive material which will just start to hinder the movement 

of sand particles from the bed. BIND would probably be less than 20 percent. 

A cohesionless bed is typified by the development of bed forms such as dunes 

or ripples. The material available for transport by the flow is essentially 

that exposed on the surface of the bed. As dunes or ripples move downstream 

however* the surface layer of the bed is being continually mixed. This 

process led to the idea of using an "active layer" at the surface of the bed 

to represent the bed forms. The "active layer" is defined as a zone of 

mixing below which the sediment remains undisturbed. Vanoni (1974) provides 

a set of charts which may be used to predict the type of bed form* given flow 

and bed characteristics. Yalin (1964) and Jopling (1965) give some 

information on the geometry of bed forms which is used to compute the 

potential thickness, ACTIVE, of an active layer (Figure 2). 

This picture is somewhat complicated by the presence of immobile sand 

particles. As the bed forms move downstream* immobile material will drop to 

the bottom of the active layer (Figure 2). An equilibrium depth is defined 

as the depth of mobile bed material which must be scoured away to leave an 

immobile armoring layer sufficiently thick to prevent further scour. The 

thickness of the armoring layers which will prevent all scour is: 

ARMOR = ARMF*D50A 
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where D50A = the median diameter of immobile material 

ARMF = a user supplied parameter ^ 1 

In theory ARMF need only be 1 to prevent scour. However, in practice a 

value closer to 1.5 or 2 is used to account for spatial variability. We note 

that the armoring layer prevents disturbance of underlying material; hence, 

by definition the actual depth of the active layer is: 

ADEPTH = MIN(ACTIVE, ARMOR) 

Figure 2. Section through cohesionless bed 

After the true depth of the active layer and its composition have been 

defined, the transport equations of Ackers and White (1973) and hydraulic 

conditions at point C in Figure 1 are used to determine the potential 

sediment discharge concentrations of the sand fractions. The actual 

concentrations are again affected by the amount of immobile material. 

Immobile material tends to shelter potentially mobile particles and prevent 

their movement. Gessler (1971) shows that under steady flow, degradation 

with protection by armoring is an asymptotic process. The rate of scour 

decreases at an exponential rate as the thickness of the armoring layer 
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increases. This effect is incorporated by using the relationship shown in 

Figure 3: 

SCOUR 
REDUCTION 

FACTOR 
(FACT) 

PERCENT IMMOBILE MATERIAL 
IN ACTIVE LAYER 

Figure 3. Scour reduction by armoring 

where PROTCT is a user supplied parameter, the percentage of immobile sand 

which will start to protect finer material from scour. 

The concentrations given by Ackers and White are multiplied by the scour 

reduction factor to give the unknown concentration C'j+j for each sand 

fraction. Equation 3 can now be solved for the sand fractions to determine 

the net scour/deposition in this time interval. 

It will be recalled that the cohesionless bed may contain a percentage 

of clay and silt less than BIND. The total mass of clay and silt in the 

active layer is assumed to be immediately available for transport. The only 

factor which may prevent removal of this fine material is protection by 

immobile material. So the mass of cohesive material actually put into 

suspension is the mass available multiplied by the reduction factor of Figures. 

This gives the scour of fine material. 

To determine net scour/deposition the amount of clays and silt deposited 

in the time interval must also be considered. This is estimated using the 

relationship of Figure 4. It is based on curves presented by Brown (1967) 

which he derived from work by Camp (1943). To facilitate implementation in 

the model, the curves were modified using recent work by Einstein (1968) and 
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Owen (1969). The graph in Figure 4 represents the reduction in concentration 

of suspended material in a time interval At. 

— CLOG SCALE) v. 
rigure 4. Deposition curve for clay and silt 

At = time interval 

y = water depth 

,2 y 
V = — (—s- - 1) vs isv W i; 
Ys = specific weight of sediment 

y = specific weight of water 

v = kinematic viscosity of water 

d = particle diameter 

V* = shear velocity 

= ^gys 
S = energy slope 

Figure 4 is entered with the value of (Vs/V*) which is a measure of 

relative turbulence. The proportion of material deposited is given by the 

ordinate. We are now able to compute the net deposition, and the unknown 

concentrations C can be found from Equation 3 for the clay and silt 

fractions. 
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With cohesive beds the percentage of clay and silt lies somewhere 

between BIND and 100 percent, and the situation is much more complex. The 

clay or silt tends to bind the bed material and prevents the formation of an 

active layer. The clay and silt thus have a profound impact on the scour or 

transport of any sand fractions present. It is assumed that the flow can 

carry any cohesive material that it detaches from the bed. The detachment of 

clay or silt is presumed to "release" sand fractions from the cohesive bed 

which are then available for transport in the manner described earlier for 

cohesionless beds. Krone (1963) and Partheniades (1970) describe some of the 

factors and material properties which control erosion of cohesive materials. 

In the model, scour rates have the following form: 

FXP 
SCOUR = a*K(BEDSHR-$*CRTSHR) Eq. 4 

where SCOUR = mass scoured from the bed per unit time and area 

BEDSHR = bed shear stress 

EXP = exponent (parameter) 

CRTSHR = critical shear stress at which scour of cohesive material 

begins for a bed containing no sand fractions (parameter) 

K = constant (parameter) 

a,$ = correction factors for the 

The relationship in Figure 5 gives a 

verify these relationships. 

PERCENT CLAYorSILT (p) 

Figure 5. Correction factors 

presence of sand 

and e. No data have been found to 

PERCENTCLAYor SILT (p) 

for scour of cohesive materials 
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The relationship shown in Equation 4 has the following properties: 

(1) When the bed is composed of 100 percent silt or clay, the 

relationship becomes the well known equation for scour: 

SCOUR = K(BEDSHR-CRTSHR)EXP 

(2) Clay or silt loses its cohesive properties entirely when 

the percentage is less than BIND. This handles the transition 

from a cohesionless to pure cohesive bed. 

(3) As the proportion of clay/silt decreases, aK increases; hence, 

the scour rate increases. 

The scour of cohesive beds now follows a pattern similar to cohesionless 

beds. Equation 4 is used to compute a potential depth of scour. As the 

silt/clay scours away, entrapped sand fractions are released and form a 

temporary storage in the form of a layer on the surface of the bed. The 

actual depth of scour in the bed is limited by two considerations. 

(1) The depth of scour of the bed cannot exceed that required 

for immobile sand fractions to form an amoring layer. 

(2) The depth of scour cannot exceed that required for released 

sand fractions to form a fully developed active layer as 

discussed earlier for cohesionless beds. 

These considerations give the mass of fine material taken into 

suspension. Deposition is now computed as before and then Equation 3 is used 

to find final concentrations for silt and clay. The sand fractions "sitting" 

on the surface of the bed are assumed to act like a cohesionless layer, and 

concentrations and quantities of scour may be computed for the sand fractions 

as before. 

This series of computations gives both the unknown concentrations and 

net scour/deposition on the bed for each particle size. Material remaining on 

the surface of the bed at the end of the time interval is assumed to form a 

new bed layer. The formation of new layers in this manner allows the model 

to keep track of armoring layers as they are formed and as they become 

overlaid by subsequent deposition. It also gives a mechanism for keeping 

track of the age of the sediment. As mentioned earlier this is important in 

pollutant studies. 
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This concludes an outline of the computational procedures. Some of the 

additional problems which arose in developing these concepts, which still 

need to be resolved to our satisfaction, are mentioned below. 

First, there were problems in the consistent use of points in time and 

space (ABCD in Figure 1) for computing bed processes. Conditions at C(i,j+i) 

were arbitrarily chosen for use in computing bed forms, etc. 

A second problem arose in the one-dimensional nature of the model and 

its use in nonrectangular channels where transport rates and bed forms may 

vary widely from one point to another. At present an effective depth is 

defined as cross-sectional area over surface width. This will account for 

some of the variability but the situation in practice is far more complex. 

A problem related to application was the comparison of model results 

with recorded data. The present model would require detailed data such as 

transport rates by particle size fraction, detailed observations of bed 

composition, and values of water temperature, much of which are usually not 

available. It remains to be seen whether these requirements could be relaxed 

for practical application of the model. 

FUTURE OUTLOOK 

lie shall now pose and discuss some questions which are important to our 

topic and which should affect the direction of future work. How complex 

should a model be? Models vary in the number of processes which they 

simulate and in the degree of spatial and temporal variability which they can 

handle. Each involves some idealization of the real world and, thus, has its 

limitations. Every model builder has to decide what he will and will not 

include. This is an important part of the model design process. 

Most existing sediment transport models are designed for cohesionless 

sediment. Colloidal materials are either ignored or treated as "wash load" 

and, as such, do not interact with or occur in the bed. At the opposite end 

of the spectrum there are models which handle only cohesive material, such as 

that described by Ariathurai and Krone (1976). We feel that a model which is 

designed for the simulation of pollutant movement in upland streams should be 

capable of handling any combination of coarse and colloidal material, both in 

the suspended load and in the bed. The sand fractions cannot be ignored 
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because they constitute the major portion of the bed material in most 

streams. Colloidal materials cannot be ignored or treated superficially 

because they are of major importance in conveying pollutants; they even 

dominate the bed in some streams, e.g.. Four Mile Creek, Iowa. 

What role do sand particles play in the transport of pollutants? We 

tend to asume that sand is inert and that its only contribution to pollutant 

movement is indirect, for example, when it becomes coated with finer 

material. We should check this hypothesis and investigate the coating 

phenomenon. Are coated sand particles significant in pollutant transport? 

Does the coating scrub off as sand particles move along the bed? 

What is the role of silt particles in the transport of pollutants? In 

discussing sediment it is easy to forget about silt as we discuss colloidal 

sediments on the one hand, and sands and gravels on the other. But silt is a 

major component of the material which many rivers transport and which can be 

deposited on the banks and flood plains. We need to learn more about the 

physical and chemical behavior of silt. Can silt adsorb cations and/or 

flocculate? If it forms a cohesive bed, what are its properties? Presently, 

our model assumes that its behavior is qualitatively similar to clay but 

possesses less cohesion. 

The behavior of colloidal materials is complex and, for us, many 

questions remain unanswered. Sometimes qualitative answers are available. 

For example, we know that colloidal material washed off the land surface is 

often in the form of large, e.g. sand size, aggregates. Clearly,•aggregate 

size has an important effect on their transport in a stream. If aggregates 

entering a stream remain intact, they will tend to settle out, but if they 

disperse, the material will tend to remain in suspension. We don't know how 

to predict the size of aggregates or the conditions under which they disperse 

and the rate at which this happens. If they are relatively stable, they 

could be powerful scavengers of chemical pollutants. During normal flows, 

aggregates and their adsorbed pollutants would tend to remain on the bed in 

the upper reaches of a stream instead of moving with the flow. If the 

pollutant degraded significantly before being washed from the bed, this would 

be beneficial for aquatic life downstream. 

We also need more information on the deposition of fine materials. We 

know that many streams periodically deposit fine sediment on their banks and 
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flood plains. Presumably, these channels often have relatively clean, sandy 

beds. This means that there must be radical variation in sediment transport 

capacity across the cross section. This is important to us because the fine 

material is the potential carrier of chemical pollutants which, when 

deposited, might affect aquatic life in the stream. Clearly, it would be 

futile to try to model this phenomenon with a one-dimensional model which 

represents a channel and flood plain by an "equivalent" rectangular cross 

section or some similar approximation. We intend to modify our model to take 

some account of the lateral variability of sediment transport without going 

all the way to a two dimensional model, which would be very cumbersome and 

expensive. 

Assuming the process of deposition in banks and flood plains referred to 

above is significant, some questions regarding the mechanisms need to be 

answered. Obviously, the flow near the banks and on the flood plain is less 

turbulent than in midstream. This would permit silt and flocculating 

colloidal particles to deposit under certain conditions, flow, we know that 

the salinity of natural streams is sometimes high enough to permit 

flocculation, but does this occur often enough (in space and time) to make it 

a significant enough process to warrant inclusion in our model? What about 

the behavior of colloidal material under nonflocculating salinities. Does it 

all remain in suspension until still water is reached, or are colloidal 

particles scavenged by settling silt particles or filtered from the flow by 

aquatic plants growing on the banks or bottom of streams? If these processes 

occur, how significant are they? 

How important are organic sediments in the transport of pollutants by 

streams? Potentially, they are very active in this respect, but are they 

significant enough, relative to clay, to include in a model? They differ 

from clays in that they are nonconservative; they can be oxidized as they 

travel in a stream. How rapidly does this happen? The relative importance 

of organic material must vary from one region to another across the country. 

We need more information on this subject. 

We use a simple equation to estimate scour from beds of cohesive 

material. However, this is a complex process; it is known that scour is 

greatly influenced by factors such as the consolidation history of the 

sediment, and the salinities of the pore water and the eroding water 
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(Arulanandan, et al. 1975). We need to digest the considerable amount of 

work that has been done in this field and try to distil the significant 

factors into a set of improved algorithms which will yield realistic results 

for a bed composed of any mixture of cohesive and cohesionless material. 

Answers to some of the questions raised above are available. It is up 

to us to find them in the huge body of relevant interdisciplinary literature. 

In other cases we will have to await the results of further research or make 

judgments based on extrapolations of results of related work. The modeling 

of sediment transport is a formidable task because of the wide range of 

processes involved and their spatial and temporal variability in a stream 

system. It is doubtful that we will ever arrive at a model which 

automatically gives correct results for any type of stream from a set of 

relatively simple inputs. Rather, each model will have a certain "locus of 

validity." A user who wishes to simulate the behavior of a given stream will 

need to be armed with considerable data regarding its sediment regime and the 

limitations of available models, so that he can assess his chances of success 

with each model and, thus, make a wise selection. 
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DISCUSSION 

Ambrose: I noticed you provide what seems to be a very reasonable framework for the 

calibration verification for particular streams. I didn’t see where you determine the net 

deposition for a particular size particle in a certain area. Is your equation assumed to 

be first order or are you going to leave that to further investigation? 

Leytham: The settling for the fine material this is based on sort of empirical evidence 

from studies of deposition of material in stilling basins. This settling velocity is based 

on Stoke’s law. The expression involving the exponential is based on work by Einstein. 

None of it is rigorously theoretical. I don’t believe that rigorous theoretical equations 

would be of very much value in a situation as variable as a natural stream. One thing 

which I might have pointed out is this algorithim needs more work on it because its 

behavior is dependent on the time set at which you model which is not very nice, it's 

just not very nice. 

Ambrose: It’s not a first order equation at all then. 

Leytham: No. 

Ambrose: It would be a complex calibration process then, I would imagine. 

Leytham: The deposition is only one part of the overall picture. This again up the 

question of how complex should a model be. Hopefully this thing will be usable in a 

practical situation. At the present moment it’s a research tool. 

Gburek: Besides the input you would need for the hydrolics part of this model, what 

characteristics of either of the stream channels system or outside the stream channel 

system do you think you would need to get at the sediment aspect of the model? Would 

you have to characterize your cross sections with regard to the bed forms there? 

Leytham: We need channel geometry to do the hydrolic routine and we need bottom 

slopes for the hydrolic routine. You would need those anyway. What you need for the 

sediment is some characterization of the bed. You need to be able to represent these 
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homogeneous bed layers as I pointed out. For that you need the thickness of those 

layers, you need some details on their composition by the particle size fractions that 

you are intending to model. 
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Introduction 

Prospective users of the USDAHL Model of Watershed Hydrology, 

Holtan (1975) , are prone to think that inputs to the model are 

extremely difficult to obtain. This treatise is designed to 

illustrate some of the sources and labors required for inputs and 

to provide some measurements of the prognostication possibilities 

with this model. Our example is the Western Branch of the Patuxent 

River in Prince George's County, Maryland above USGS 

streamgage #1594500 near Largo. This area was chosen because it 

has undergone considerable change in land use and urban develop¬ 

ment during the last decade. Also, the USGS has published a record 

of attending streamflow from this basin suitable for evaluating 

model outputs. 

Basic Principles of the USDAHL Model 

The model used in this study is a University of Maryland 

version of the USDAHL model, Holtan (1977). Details of computa¬ 

tions can be obtained from the parent reference or from the 

University of Maryland version available in program format from 

the senior author. Three concepts are fundamental to this model: 

1. Zones of homogeneity are used successively to reduce the 

areal complexity of flow paths across the watershed. 

2. Soil horizons are used for successive storage-flow compu¬ 

tations to reduce the complexity of water balances within 

each zone. 

3. Infiltration and outflow rates are functions of volume 

exhaustion based upon dimensional descriptors of zones 

and layers. 
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Zoning is the first decision in applying USDAHL. For the 

single purpose of computing outflow from the watershed, zoning 

would be by soil types, by topography or by land use, whichever 

varies the most drastically. The 4 zones presently provided for 

in USDAHL generally suffice. Variations within a zone can be 

reflected only as weighted averages? thus, if a certain crop in an 

agricultural land use (or lawns as opposed to impervious areas in 

urban land use) is to be critically assessed, it must constitute a 

separate zone. More than 4 zones may be needed later to isolate 

source areas for chemical transport computations; this is merely a 

matter of adding subscripts in a model revision. Zones must be 

numbered in an elevation sequence in a series to permit any 

cascading that is discerned. 

In USDAHL, zone runoff has three possible destinies: cascad¬ 

ing to the next zone in the numbered series, cascading to the last 

zone in the numbered series or flowing directly into the channel. 

For example, urban developments generally collect runoff and dump 

it into a stream; whereas, crop land may shed runoff onto a neigh¬ 

boring area. Cascading is estimated from the density of waterways 

indicated on a topographic map. Once established, zones are fixed 

for the entire computation series. 

Zoning Western Branch by Remote Sensing 

and Soil Surveys. 

Two Landsat 1 scenes (8 July 1973, 1350-15192, and 3 August 

1975, 5106-14543) were used to determine land use areal percent¬ 

ages on the Upper Western Branch watershed. The following land 

use themes were chosen for their hydrologic significance: resi¬ 

dential (old and new), urban, woodland, open fields (agriculture, 

pasture, golf courses, etc.), water and bare fields. Combinations 

of themes were made to facilitate their use in USDAHL. 

The Landsat multispectral scanner subsystem (MSS) records 

reflected light from Earth features in four wavelength bands (0.5- 

l.ly). Areas of similar composition have in general the same 
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spectral response, or signature, which can be used to identify 

those areas as like land use. The Atmospheric and Oceanographic 

Image Processing System (AOIPS)/Image 100 at Goddard Space Flight 

Center was used for theme extraction. An adjustable training site 

selector was calibrated over a portion of the screen displaying a 

subset of the Landsat scene known to be of a particular theme type 

(e.g. woodland). The AOIPS classification system then counted all 

pixels ("picture elements", in this case rectangular units repre¬ 

senting about an acre) on the screen which fell within the 

observed spectral limits of surfaces in the training site area. 

If the spectral signature of the training site area was unique to 

wooded areas, for example, only wooded areas would be delineated 

("alarmed") over the scene displayed. Generally this was not the 

case. 

Usually the alarmed area represented only a portion of the 

theme or a combination of themes. In the former case, additional 

training sites were chosen to better define the theme's spectral 

limits. The four bands of the common theme areas were then 

combined and the expanded limits used to define the theme. This 

sometimes resulted in the area being too large or in conflict with 

another theme, necessitating adjustment of the limits. Due to 

spectral limits two or more subthemes were sometimes combined into 

one general theme (e.g. pasture, grassland, agricultural field 

into open fields). If the alarmed area was too large and included 

two or more themes, the limits of the four bands were adjusted to 

eliminate the unwanted areas from the themes. 

Once the specific themes had been defined spectrally they 

were checked for conflicts (the same pixel being classified as two 

different things). Sometimes this problem could be easily elimi¬ 

nated by changing the upper and lower limits of a common band in 

which the limits overlapped. All too often the spectral region of 

a band or bands of one theme were contained within that of another. 

Certain field conditions had the same spectral response as older 

residential areas with tree lined streets. The same was true for 

urban areas versus bare fields. Spectrally the two themes cannot 
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be separated. Therefore, to alleviate this problem the areas in 

conflict had to be physically removed. A boundary was drawn 

around the conflict area using the polygon cursor of the system. 

This area was then removed from one theme and combined with the 

correct theme. 

Once the themes were adjusted and checked for conflicts, the 

pixels per theme within the watershed boundary were counted. The 

percent of the watershed occupied by each theme was then calcu¬ 

lated. For modelling purposes, open fields and agricultural areas 

were grouped as Zone 1 and the woodland and water theme percent¬ 

ages were grouped as Zone 2. The percentages of the watershed 

which were residential or urban were combined to form Zone 3. 

Landsat imagery provided (Figure 1) the status of land use at 

the end of the period of computation. The Soil Survey (1967) for 

Prince George's County, Maryland was plotted on aerial photos 

taken in 1963. From the published soil survey we obtained land use 

in 1963, soil maps, profile descriptions and some crop parameters 

including root depths. The soil survey indicated that part of the 

wooded areas (14% of the watershed) was a marshy alluvium. The 

alluviums were subtracted from the woodlands (Zone 2) and grouped 

to constitute Zone 4. Zones were entered as percentages of 

watershed in Table 1. 

Soil Surveys are available for about 60% of the counties in 

U.S. soils and Puerto Rico. They are an excellent basis for dimen¬ 

sioning soils in regard to depth, drainage, water storage capaci¬ 

ties of soil horizons, land slopes and areal extent. These dimen¬ 

sions and volumes apply directly in the USDAHL model water balance 

computations. 

Zoning was based on soils and land use at the end of the 

period. Planimetry on the 1963 aerial photos compared to the 1973 

Landsat imagery indicated that RESIDENTIAL and URBAN areas changed 

from 10% of the watershed in 1963 to 21% by 1973, AGRICULTURE 

changed from 35% to 39% and FOREST changed from 55% to 40%. 

Maps, statistics and aerial photos of the Maryland-National 

Capital Parks and Planning Commission indicated interim land use 
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Figure 1. General land cover zones derived from Landsat 
digital data which are used in the Maryland 
version of the USDAHL-model. 
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changes to 15% URBAN-RESIDENTIAL with 50% FOREST by 1965 and 21% 

URBAN RESIDENTIAL with 44% FOREST by 1968. A further change 

occurred in 1972 when 4% of the watershed reverted from forested 

land reserve to Wheatland due to the removal of governmental 

constraints to meet the wheat sales to Russia. These land use 

changes are reflected in continuation sheets of Table 2 of inputs. 

Cropping Practices Within Zones 

Annual imagery would be needed for more precise timing of 

land use changes. Since urban development in particular takes 

time, we assumed that the 1973 land use could be applied in 1972 to 

coincide with the Wheatland expansion. Zones were based upon 

broad categories of land use, but computations in USDAHL require 

more detail in regard to crops and tillage practices since both 

significantly affect infiltration, evapotranspiration and 

roughness factors in equations of overland flow. 

In the land use of Table 2, Zones 2 and 4 pose no problem 

because they were each 100% forest throughout the period. In 

Zone 1, agricultural statistics for Prince George's County 

indicated that 4 year rotations prevailed: row crop (corn or 

tobbacco), wheat, hay, hay. Restricted wheat allottments had 

forced 10% of Zone 1 (4% of the watershed) into forested reserve 

land until 1972, as discussed earlier. Thus Zone 1 in 1963 was 

planted to 10.5% corn, 10.5% tobacco, 23% wheat, 23% hay 1, 

10% forest, and 23% hay 2. Zone 1 continued this cropping pattern 

throughout the period except that wheat went to 33% and forest 

went to 0% in Zone 1 in 1972. 

Due to our lack of experience in urban hydrology, Zone 3 was 

the most difficult to subdivide. Zone 3 apparently was about 50% 

FOREST in 1963, 25% FOREST in 1965 and completely URBAN by 1968. 

There were no apparent changes in agricultural lands to account 

for URBAN growth, but there were indicated reductions in FOREST. 

Two crops, IMPERVIOUS and GRASS, were introduced to provide the 

parameters needed for urban hydrology. Our first estimate was a 
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ratio of 1.5 units GRASS per unit of IMPERVIOUS. A run was made 

with USDAHL and the results were acceptable for most purposes 

although slightly biased toward underestimates. Discussions with 

hydrologists of other agencies indicated our ratio of 

GRASS/IMPERVIOUS was extremely low. The ratio was changed to 

0.25 unit GRASS per unit IMPERVIOUS for succeeding runs. 

Parameters 

Crop parameters are given in Table 1. They were derived from 

soil survey (ROOTDEPTH) or estimated from data and principles 

given in USDAHL-74. Similarly the soil parameters. Table 1, were 

given in the Prince George's County Soil Survey Report or deduced 

from the figure and table on page 6 of USDAHL-74. Cascading 

parameters were based upon relative positions of zones and evi¬ 

dence (or lack of evidence) of zone incisions by mapped waterways. 

Heavily incised zones contribute surface flows directly into the 

channel system. Routing coefficients were derived from analyses 

of flow resessions at the watershed outlet for "ABOVE WEIR" and at 

some downstream station for any regional base flow not observed at 

the station under study. In the Largo study we derived four 

coefficients (CM, Ml, M2, and M3) from flow recession analyses and 

estimated QMAX4 as very low and M4 as very great to insure continu¬ 

ous base flow as reputed for the downstream vicinity. Thus "total 

number of coefficients" (line 8, Table 1) is 5 but the number of 

flows pertaining "above the weir" is 4. Any "OFFSITE" flows 

computed are not included in watershed flow but are losses which 

return at some downstream point, thus having some potential for 

delayed (and unmeasured) chemical contributions downstream. 

Data 

Hourly rainfall at Plant Industry Station, Beltsville was 

published by the U.S. Department of Commerce for the 1963-73 

period and daily rainfalls were published at several locations 
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surrounding the watershed. Ratios of weighted monthly averages 

for the watershed to monthly totals at Plant Industry Station were 

used as factors on Plant Industry Station's hourly values to 

derive watershed hourlys. These conversions were made at the 

Goddard Space Agency. Data for September 1973 through December 

1974 were added later by the University of Maryland. For this 

interim, 15 minute intensities were available for the Plant 

Industry Station gage. No correction was attempted. Snow was 

identified by the letter "S" following precipitation amount. 

Computations were stopped by a trailer 9's card placed at the 

desired point in the rainfall file. Weekly means of air tempera¬ 

tures and of pan evaporation. Table 2, were derived from daily 

Maximums and Minimums and from evaporation data published by USWS 

for Beltsville, Maryland. 

Tillage practices were grossly averaged estimates of type, 

extent and date for each crop. Our only clue lay in the reputation 

of the Largo area for good soil conservation farming. We did not 

attempt to refine these estimates to reflect trends or changes in 

tillage practices during the decade; hence, TILLAGE PRACTICE in 

Table 2 was entered for the first year only and the question on 

line 8 of Table 1 was answered "NO". 

Land use percentages changed, however, so that the question 

on line 8 of Table 1 was answered "YES", and cards were entered in 

Table 2 for all zones in 1963 and for those zones having changes in 

1965, 1968, and 1972. Since our answer on line 8 was "YES", a 

blank card must immediately precede pan evaporation data each 

year. 

The Runs 

Four runs were made in this study. Two of these were to test 

the effects of GRASS/IMPERVIOUS ratios on the comparison of 

computed with recorded, and two more were made to assess stream- 

flow if 1963 land use had prevailed and again if 1972 land use had 

prevailed. Charges on the Univac 1108 at the University of 
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Maryland are based upon "TIME IN MEMORY". Compilation of the 

source program and subsequent computations for the period 

October 1, 1963 to December 31, 1974 used a maximum of 4 minutes, 

9 seconds. Since compilation requires about 90 seconds, the maxi¬ 

mum time was about 14.25 seconds per year. The last two runs (with 

1963 land use throughout and with 1972 conditions throughout) 

compiled and ran in 3 minutes, 53 seconds since there were no land 

use changes involved in the computations. 

Results 

The statistical summary in Table 3 provides an easy reference 

while considering the ensuing presentations of model outputs. In 

Figure 2 accumulations of computed streamflow are compared with 

accumulations of flow recorded by USGS at the same point in the 

stream. In judging these results, it is important to remember 

that they represent first estimates of parameters; none were opti¬ 

mized by repetitive runs. The central curve, A, reflects chrono¬ 

logical land use changes; it follows quite closely the observed 

data curve. A second run was made changing the assumed ratio of 

lawns/impervious from 60/40 to 20/80. Computed runoff increased 

by 6.4 inches over the 129 month period; the new ratio was 

retained in subsequent runs. Run 3, Curve B, assuming initial 

land use throughout and Run 4, Curve C, assuming final land use, 

have two functions here: they indicate effects of land use change 

and they also indicate the fallacy of trying to estimate stream- 

flow over long periods without carefully documenting land use 

changes. 

Fidelity of computed mean daily flows, in Figure 3, is quite 

good for high flows, but goes to zero too readily during low flows. 

Fidelity could be improved by increasing estimates of maximum base 

flows and the attending storage coefficients. This would require 

some streamflow data, but it is a regional concept, hence, trans¬ 

ferable from one watershed to another within a region. Flood 

frequencies derived from computed flows using partial duration 
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Table 3 

Statistical Summary 

Statistic 
Run 

1 
Run 

2 
Run 

3 
Run 

4 

T3 b 0.752 0.752 0.756 0.730 
4J >i 

c 
o 

3 pH a 0.315 0.352 0.466 0.257 
•H £ -M 
■U 
fd 

0 
u 

C 
0 R2 0.824 0.832 0.741 0.803 

D S 
U1 
W -Q n 129 129 129 129 
C + 
0 

•H fd 
b 1.201 1.172 1.445 1.301 

tn rH 

m 
0 

ii n3 
a a -2.285 -2.549 -3.025 -6.295 

u T5 c 
cn 
0» 

Vj 
0 

c 
< R2 0.945 0.943 0.874 0.920 

& o 
0 

n 10 10 10 10 

Avg. Absolute Dev. 0.397 0.406 0.485 0.433 

>1 
H Standard Deviation 0.539 0.541 0.643 0.579 

,—, 

E . 4J 
0 c C -1.46 -2.07 -1.90 -1.41 v-i 

4-1 "d. 0 
a Extreme Deviations 

m T5 2.30 2.36 1.67 2.36 
c 4l 
0 

•i—i 
0 
o Avg. Absolute Dev. 1.952 1.804 3.830 2.714 

-M 0 
fd u i—i 

•rH 

> CO 
td 
3 

Standard Deviation 1.939 1.880 3.099 2.443 
0 u c 
Q CO 

D 
c 
<c -3.93 -3.18 -8.06 -3.15 

Extreme Deviations 
1.97 2.75 1.52 4.61 

Cumulative streamflow (in.) 163.65 170.05 143.29 189.02 

Notes: USGS cumulative streamflow (129 months) was 168.51 in. 

Run 1 - observed land use assuming 60/40 ratio of 

lawns/impervious in urban. Run 2 - same assuming 

20/80 ratio of lawns/impervious. Run 3 - land use 

constant at 1963 level. Run 4 - land use constant 

at 1974 level. 
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Figure 2. Comparison of computed streamflow 
with observed streamflow at USGS 
station #1594500 near Largo, Md. 
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series, Hydrology Guide (1972) , are compared with those derived 

from observed flows in Figure 4. 

The USDAHL model has two facets of almost equal importance 

with its fidelity: it uses mensurable, readily obtainable inputs 

without optimization and it provides insight to the watershed 

hydrology vital to chemical accounting on the watershed. Consider 

the observed, or computed, total flows on the last two lines of 

Table 4. There is no indication as to the paths of flow, yet 

surface and subsurface return flows are known to differ materially 

in their chemical loadings. Separation of watershed return flow 

from watershed surface flow, also in Table 4, helps but gives no 

clues to the origins of each flow within the watershed. Flow 

separations given for the 4 zones provide a tool for isolation of 

source areas. Proper zoning can be used to isolate areas of high 

potential (chemical loading or erosion) for study or assessment. 

Zones serve several useful purposes. They help reduce the 

complexity of computations and they indicate sources of surface 

and return flows. The flow data for four zones in Table 4 are in 

surface inches "on each zone". They will not add up to totals of 

watershed flows because of cascading. In the example watershed, 

all flows, except 20% of return flows, cascaded the alluvial marsh 

(Zone 4); hence, contributions to streamflows are almost entirely 

from Zone, 4. Other watersheds may be constituted differently in 

regard to alluviums or to cascading and results would be material¬ 

ly different. 

Conclusion 

The zone approach offers many possibilities in hydrology for 

chemical accounting. It permits isolation of a single feature of 

land use into a zone by itself. This zone may be a unique area in 

regard to crops, tillage, topography, soil type, or, more impor¬ 

tant, unique in chemical applications. Zones also provide a 

context for verification in that soil samples taken at intervals 

can be used to check the moisture status computed by USDAHL for a 
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given zone, England (1975). This concept can be extended to the 

chemical status in soil samples if USDAHL is adapted for computing 

continuous chemical balances in each layer of each zone. All 

inflow, outflow and storage of water is computed continuously in 

each layer of each zone and can be printed out for any time inter¬ 

val desired. This is a good basis for computing chemical 

transport. 

In summation, all of our intimate knowledge of agricultural 

impacts upon hydrology was derived from point or small-plot 

studies. For years the question has been "how do we go from plots 

to watersheds". The Hydrology Guide of SCS was our first break¬ 

through. USDAHL is in essence an application of the same concepts 

continuously, whereas the Guide was designed for single-storm 

computations. USDAHL provides a context for extrapolations from 

work of other agencies and from other locations toward solutions 

of problems in our own area. Combined with LANDSAT remote sensing 

of watershed features, USDAHL offers an expeditious means of 

deriving comprehensive estimates and greater vision of watershed 

hydrology as affected by land use and treatment. 
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ADDENDUM 

In the time between the oral presentation at the Watershed 

Workshop and submission of the written paper an attempt was made 

to account for the rapid depletion of the groundwater reservoir. 

This depletion is indicated as a lack of baseflow in summer months 

in Figure 3. The model was changed to allow greater recharge of 

the lower soil horizons. The model was run using the data of Run 2 

(observed land use assuming 20/80 ratio of lawns/impervious) and 

the results were compared with those of Run 2. Summer baseflow 

increased when monthly and daily flows were compared. The modeled 

monthly flows more closely matched the recorded flows with the new 

run. The regression equation for monthly flows is: 

Y = 0.154 + 0.892X 

2 
with r = 0.832. The average absolute deviation of computed flows 

from recorded flows was 0.317 in. with a standard deviation of 

0.449 in. The simulation of annual flows was about as good as 

before the model change. The regression equation for annual flows 

is: 

Y = -2.001 + 1.17 X 

2 
with r = 0.939. The average absolute deviation of computed flows 

from recorded flows was 1.427 in. with a standard deviation of 

1.928 in. 
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DISCUSSION 

Correll: How do you go about determining depths of your zones over a big areas like 

that in a practical way? 

Holtan: From soil conservation service maps. 
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Hydrologic Data Sources^ 

J. B» Bur ford ^ 

Abstract - Watershed modeling requires hydrologic data as input 

and for output comparison. The Agricultural Research Service 

hydrologic data bank, which includes data from several 

agricultural watershed research studies, is one data source. 

Other data banks include: Water Data Storage and Retrieval 

(WAT STORE) ; National Climatic Center Data Bank; Hydrologic 

Information Storage and Retrieval System (HISARS); Storage and 

Retrieval System (STORET); and the National Water Data Exchange 

(NAWDEX) . Data are available from all of these sources at 

nomina1 costs. 

INTRODUCTION 

All watershed modeling activities require reliable 

hydrologic data as input, and for comparison of model output to 

actual conditions. 

The purpose of this paper is to discuss a few sources of 

hydrologic data, with no suggestion that those sources discussed 

are all inclusive. The U . S. Department of Agriculture (USDA) , 

1. To be presented at the Watershed Research Workshop, March 3, 

1977, at the Smithsonian Institution Chesapeake Bay Center for 

Environmental Studies, a contribution of the Hydrologic Data 

Laboratory, Plant Physiology Institute, Beltsville Agricultural 

Research Center, Agricultural Research Service, USDA, 

Beltsville, Maryland. 

2. Chief, Hydrologic Data Laboratory, Beltsville Agricultural 

Research Center, Beltsville, Maryland 20705. 
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Agricultural Research Services (ARS) hydrologic data bank will be 

discussed in detail, while other data sources will be discussed 

briefly. 

ARS HYDROLOGIC DATA SOURCES 

The USDA has recognized the importance of watershed 

hydrology as related to the management of water from agricultural 

areas for many years. Watershed hydrology research programs were 

initiated during the late 1920's and early 1930's by action 

agencies, like the Soil Erosion Service (now the Soil 

Conservation Service, SCS) and the Forest Service (FS). The SCS 

studies were transferred to the ARS during the early 1950's. 

Research activities have been continuous at some locations since 

the early 1930's. 

In Eastern U.S., ARS has watershed research studies 

headquartered at Burlington, Vermont; University Park, 

Pennsylvania; and Athens, Georgia. Other ARS watershed research 

centers are headquartered at Boise, Idaho; Chickasha, Oklahoma; 

Columbia, Missouri; Coshocton, Ohio; Oxford, Mississippi; Temple, 

Texas; and Tucson, Arizona. Research programs at these centers 

involve about 240 individual instrumented watersheds, ranging in 

size from a few acres to over 4,780 square miles (12380 square 

kilometers). 

Data from these studies are unique since precipitation and 

streamflow records are obtained in sufficient detail for 

'breakpoint' processing. Calibrated weirs or flumes are usually 

used for streamflow measurements, which provide detail accurate 

measurements. Multiple precipitation gage networks are used at 

many studies, which may be used to assist in defining 

precipitation distributions. Data on temperature, evaporation, 

wind movement, soil moisture, land use and cover conditions, 

together with topographic and geologic information, are obtained 

as needed for each study. The data are usually digitized, and 

are subjected to some form of automatic data processing. 
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Besides meeting the immediate needs of the particular 

research study, these data have uses that may transcend those for 

which they were originally gathered. Much of the data is 

valuable records of meteorologic and hydrologic history of a 

region or era, as was acknowledged by ARS during the 1950's when 

efforts of the Beltsville, Maryland office (the Hydrologic Data 

Laboratory (HDL) since 1969) and the various watershed research 

locations were combined to compile a series of annual volumes of 

hydrologic data publications; Burford and Clark (1976). 

This series of publications contain summaries of 

precipitation, streamflow, temperature (when available) and other 

related data, together with watershed description and land use 

information from about 200 selected studies. Maximum annual peak 

discharges and annual maximum volumes of runoff for selected time 

intervals are included. Detailed precipitation and streamflow 

data associated with selected storm events are included in 

tabulated and graphical forms for many of the studies. 

The earlier volumes were 'hand' compiled and prepared for 

publication. Computer techniques and procedures developed by 

HDL, are being used to compile and prepare the information in 

photocopy quality format for publication of the later volumes. 

ARS Data Bank 

When computer facilities became available to hydrologic data 

users during the mid-1960's, the value of large volumes of data 

was increased and the capabilities for handling them were 

created. By this time, much of the ARS hydrologic research data 

was being obtained in, or converted to, digitized form by the 

several locations and computer processed, using an assortment of 

techniques and procedures. The ARS again recognized the value of 

these unique data volumes and initiated efforts to develop a 

standarized system for their storage and retrieval at one 

location. These efforts resulted in creating the HDL early in 

1969 at the Beltsville Agricultural Research Center. The design 

and operation of this ARS hydrologic data bank are structured 

around automatic data processing systems. 
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An IBM 370-168* at the USDA's Washington Computing Center 

(WCC) is used, through terminals at the Beltsville Agriculture 

Research Center, to manipulate and process the data. Hydrologic 

data related to the studies are digitized, reduced, processed, 

and analyzed at the locations as needed by the location research 

scientists. Subsequently, these data, recorded in computer- 

acceptable media (usually magnetic tape) are submitted to the HDL 

in various formats, as developed at the locations, for data bank 

storage. Descriptive information, pertaining to the watersheds, 

for which data are included in the bank, is included in the 

hydrologic data publications; Burford and Clark (1976). Data 

received are processed into standard storage formats developed by 

HDL, which are designed to retain all original parameters 

together with a minimum of computed values. Besides data from 

on-going studies, about 1900-watershed years of data, associated 

with about 250 individual terminated studies, are stored in hard 

copy form, at various locations. Special efforts are being made 

to convert the 'pre-computer era' data to digitized computer 

acceptable media. 

Computer-readable magnetic tapes and disc packs are used as 

the media for manipulating and storing the volumes of data. 

Archival backup copies of the data files are stored in cataloged 

data sets on magnetic tape. The development, maintenance, and 

retrieval of large data files, like those in the hydrologic data 

bank, would be impossible without the magnetic media, but 

available information indicates that magnetic tapes can not be 

depended on for indefinite storage; Menkus (1971), Tobin (1976). 

Information stored as magnetic charges in a metallic oxide 

coating of plastic film is quite vulnerable to stray magnetic 

*Trade names are used in this article solely for the purpose of 

providing specific information. Mention of a trade name does not 

constitute a guarantee or warranty of the product by the U.S. 

Department of Agriculture or an endoresment by the Department 

over other products not mentioned. 
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fields, uncontrolled environment, deterioration, and edgeware of 

the plastic film, therefore, special precautions must be taken to 

maintain acceptable information integerity. The data-bank files 

are purged regularly and are physically stored in the WCC special 

tape-storage facilities with controlled environment. 

The value and uniqueness of the hydrologic data dictate that 

a dependable and positive backup system be used to insure against 

unforeseeable mishaps or total loss of data. Therefore, HDL has 

developed or adapted techniques using unsprocketed, 

negative-appearing, silver-base, 16-ram Computer Output Microfilm 

(COM) as a medium for the backup of 'archival' copies of the data 

volumes; Burford and Clark (1975). 

Data submitted to HDL for storage are processed into 

standard formats, simular to Figure 1, arranged by station years 

in cataloged data sets and copied to archival magnetic tapes. 

After final processing to archival format, COM copies of the data 

files are obtained. These microfilm images arranged in 'CINE' 

mode format, with 50 records (lines) per frame, appear as 24X 

reduction of computer printout listings. The COM copies are 

stored in HDL fireproof facilities. Microfilm copies of the 

hydrologic data serve dual purposes. They are used with 

reader-printers, for visual checking of the data, and with 

Computer Input Microfilm (CIM) techniques to recreate magnetic 

tape files, when needed. Successful conversion of microfilm 

images to magnetic tape can be assured when high quality COM is 

available, therefore, HDL has placed special emphases on the 

design and quality of the microfilm copies; Burford and Clark 

(1974), (1975). Figures 1 and 2 are examples of precipitation 

and streamflow data respectively, arranged in the COM formats. 

ARS Data Volume 

The volume of processed (HDL format) data in the hydrologic 

data bank is continually increasing. At this writing, about 

1000-station years of precipitation data and 1500 station years 

of streamflow data are included. Data are included from 128 

different study areas, collectively from 12 research locations. 
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WSHED RAIN DATE TIME INTNSTY DELTA YEARLY E T SEQ CHCK 
IDENT GAGE MO DA YR HRMN IN/HR PRCPN ACCUM. C C NO. VLUE 

67000000001 01 01 69 0418 00.0000 00.00 000.00 0 0000010045 
67000000001 01 01 69 0618 00.0400 00.08 000.08 0 0000020068 
67000000001 01 01 69 0821 00.0341 00.07 000.15 0 0000030066 
67000000001 01 01 69 0919 00.0000 00.00 000.15 0 0000040060 
67000000001 01 01 69 1119 00.0200 00.04 000.19 0 0000050064 
67000000001 01 01 69 1559 00.0000 00.00 000.19 0 0000060067 
67000000001 01 01 69 1859 00.0133 00.04 000.23 0 0000070077 
67000000001 01 01 69 2112 00.0226 00.05 000.28 0 0000080070 
67000000001 01 01 69 2400 00.0250 00.07 000.35 0 0000090068 
67000000001 01 02 69 0109 00.0261 00.03 000.38 0 0000100066 
67000000001 01 02 69 0143 00.0176 00.01 000.39 0 0000110069 
67000000001 01 02 69 0429 00.0000 00.00 000.39 0 0000120062 
67000000001 01 02 69 0531 00.0097 00.01 000.40 0 0000130066 
67000000001 01 02 69 2259 00.0000 00.00 000.40 0 0000140059 
67000000001 01 02 69 2400 00.0098 00.01 000.41 0 0000150067 
67000000001 01 03 69 2339 00.0000 00.00 000.41 0 0000160062 
67000000001 01 03 69 2400 00.0286 00.01 000.42 0 0000170070 
67000000001 01 04 69 0200 00.0000 00.00 000.42 0 0000180051 
67000000001 01 04 69 0522 00.0059 00.02 000.44 0 0000190077 
67000000001 01 07 69 0020 00.0000 00.00 000.44 0 0000200049 

67000000001 01 08 69 2106 00.0097 00.03 001.29 0 0000400082 
67000000001 01 09 69 0900 00.0000 00.00 001.29 0 0000410065 
67000000001 01 09 69 1116 00.0176 00.04 001.33 0 0000420079 
67000000001 01 09 69 2400 00.0000 00.00 001.33 0 0000430059 
67000000001 01 10 69 0101 00.0098 00.01 001.34 0 0000440067 
67000000001 01 10 69 1724 00.0000 00.00 001.34 0 0000450062 
67000000001 01 10 69 1838 00.0486 00.06 001.40 0 0000460090 
67000000001 01 10 69 2053 00.0133 00.03 001.43 0 0000470070 
67000000001 01 10 69 2400 00.0032 00.01 001.44 0 0000480064 
67000000001 01 11 69 1402 00.0000 00.00 001.44 0 0000490061 
67000000001 01 11 69 2400 00.0060 00.06 001.50 0 0000500061 

Figure 1. Sample format of Computer Output Microfilm (COM) 
image of precipitation data. (50 line/frame) 
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Information pertaining to available data may be obtained from the 

HDL . 

Data Request 

Operation of the ARS hydrologic data bank is designed so 

that requested data may be transferred to user magnetic tapes. 

Those requesting data are expected to furnish tapes and pay 

expenses related to data transfer, including personnel and 

computer time. 

Requests for data should be mailed to: 

Hydrologic Data Laboratory 

Room 236, Building 007 

Beltsville Agricultural Research Center 

Beltsville, Maryland 20705 

The ARS is a member of the National Water Data Exchange 

(NAWDEX), which is being implemented within the U.S. Geologic 

Survey (USGS); Edwards (1976). An index of ARS hydrologic data, 

available from HDL, will be placed in the NAWDEX System. 

WATER DATA STORAGE AND RETRIEVAL 

SYSTEM (WATSTORE) 

The USGS, through its Water Resources Division, investigates 

the occurrence, quantity, quality, distribution, and movement of 

the surface and underground water that comprise the Nation's 

water resources; WATSTORE (1976). As part of the Geological 

Survey's program of releasing water data to the public, a large 

scale computerized system has been developed for the storing and 

retrieving water data collected through its activities. 

The National Water Data Storage and Retrieval System 

(WATSTORE) has been established to provide effective and 

efficient management of the USGS data releasing activities. The 

system is operated and maintained on the central computer 

facilities of the USGS at its National Center in Reston, 

Virginia. Data may be obtained from WATSTORE through the 

916 



National Water Data Exchange or any of the Water Resources 

Divisions 46 district offices. 

The WATSTORE system consists of several files, in which data 

are grouped and stored by common characteristics and collection 

frequencies. They are: (1) Station Header File, which is 

comprised of site (over 140,000) identification information. 

(2) Daily Value File, which includes the water data parameters 

measured or observed, either daily or continuously and 

numerically reduced to daily values. (3) Peak Flow File includes 

the annual maximum (peak) streamflow (discharge) and gage height 

(stage) values for each surface water site. (4) Water Quality 

File contains results from about 1 million analyses of water 

samples that describe the chemical, physical, biological and 

radio-chemical characteristics of both surface and ground water. 

(5) Ground Water Site Directory File contains inventory data 

related to wells, springs, and other source of ground water. 

Over 420,000 ground-water sites have been inventoried. The 

Station Header File, Daily Values File, and Peak Flow File have 

been designated as accessible to outside users by computer 

terminals. 

WATSTORE can provide a variety of useful data products to 

meet diverse needs, including basic data tables (computer- 

printed), graphs (computer-printed or computer-plotted), 

statistical analyses and data (machine-readab1e media). These 

products are available for the actual computer cost incurred in 

producing the desired information. 

Authorization to use WATSTORE via a selected user terminal 

may be obtained by writing to the Chief Hydrologist, U.S. 

Geological Survey, National Center, MS. 409, Reston, Virginia 

22092. 

NATIONAL CLIMATIC CENTER DATA BANK 

The National Climatic Center (NCC) is the central 

climatological data facility of the National Oceanic and 
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Atmospheric Administration's Environmental Data Service. The 

NCC, located at Ashville, North Carolina, collects, quality 

controls, summarizes, archives, publishes, and distributes 

weather records. Basic records, or microforms of them, are 

retrieved as needed by users. Data extracted from the records 

for machine processing are also available on magnetic tape or 

punched cards, Nash (1970). 

No attempt is made here to list all of the various types of 

data available from the NCC, but intensive files of climatic 

data, essential to hydrologic modeling, are included in the data 

bank. Hourly and daily precipitation values, daily maximum and 

minimum temperatures, solar radiation, evaporation amounts etc, 

are available from the national network of stations. Numerous 

unpublished data summaries are also available. The NCC 

emphasizes that an important part of its mission is to help solve 

individual problems by furnishing data in the form and quantity 

needed. 

Climatic data and information services are available to 

Federal and non-Federal agencies and organizations, private 

institutions or companies, individuals, and others on a 

reimbursable basis. The amount charged for the request, is 

intended only to defray the expenses incurred in satisfying the 

specific r-equirements. Unit costs for some simple services have 

been established by the Department of Commerce; otherwise the 

requester is provided a cost estimate before work begins. 

Requests for services should define the data/information 

required, desired carrier medium (magnetic tape, punched cards, 

microforms, hard copy), and other pertinent information, like a 

description of the problem for which the data/information are 

required. NCC and the user can consult on content and 

specifications, but non-Federal users, who require assistance in 

specifying their needs, are referred to a private meteorological 

consultant. 

Visitors are welcome at NCC, and many data users find a 

visit is advantageous. NCC's meteorologists, data processing 
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specialists, and records specialists work most effectively as a 

team to explore the problem with the user in determining how NCC 

may best serve his need. 

Requesters should write to the National Climatic Center, 

Federal Building, Asheville, North Carolina 28801 or call (704) 

258-2850, extension 683. Residents of the Washington, DC area 

may call NCC directly and toll-free by dialing (no area code 

required) 427-7919. NCC1s Federal Telecommunications System 

number is 672-0683. 

HYDROLOGIC INFORMATION STORAGE AND 

RETRIEVAL SYSTEM (HISARS) 

A computerized system for storage, retrieval, and routine 

processing of hydrologic data has been developed at North 

Carolina State University; Wiser (1975). The system, under 

development for several years, was made operative in 1969, and 

has been documented by the North Carolina Agricultural Experiment 

Station reference manual, identified as Technical Bulletin No. 

215 . 

The system runs on the IBM System 370/165 located at the 

Triangle Universities Computation Center, Raleigh, North Carolina 

and may be accessed from compatible remote terminals if 

arrangements are made for reimbursement of computer and related 

costs. The HISARS system, together with a sample data base is 

available for a small fee. This system is now operational at the 

Universities of Idaho, Nebraska, Arkansas, and Virginia 

Polytechnic Institute and State University, and at the Duke Power 

and the Carolina Power and Light Companies; Molnau and Wiser 

( 1975 ) . 

More than 800,000 records, contained in HISARS, are stored 

on magnetic disk packs, which facilitate direct access 

capabilities. The HISARS data bank contain the following 

categories of data files. 
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1. Daily streamflow records; 

2. Daily rainfall records; 

3. Daily temperature records; 

4. Hydrographic records of streamflow and rainfall; 

3. Hourly rainfall records; 

6. Daily evaporation and wind movement records; 

7. Daily snowfall and snow depth records; 

8. Daily event records; 

9. Flood peak records; 

10. Dam characteristics; 

11. Environmental resources. 

Separate data files are maintained for each of the elements. 

Also, there is an index file associated with each data file. 

Each record in an index file contains information for each 

station, for which records exist in the associated data file. 

This information includes the station name and identification 

number, the latitude, longitude, elevation, drainage area 

(streamflow stations only), river basin code, county, planning 

region, geographic location block and period of record. Data can 

be retrieved by specifying many of these items. 

Major sources of these data have been the USGS, the National 

Weather Service, and the Tennessee Valley Authority (TVA). 

Suggested point of contact for HISARS is Department of 

Biological and Agricultural Engineering, N.C. State University, 

Raleigh, N.C. 

STORAGE AND RETRIEVAL SYSTEM 

(STORET) 

The Storage and Retrieval System (STORET) is a computerized 

data base utility, maintained by the Enviromental Protection 

Agency (EPA). This water quality data bank system was conceived 

and initiated under the auspices of the Public Health Service in 

the early 1960's. After EPA was created in 1970, STORET has 
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evolved into a comprehensive water-quality data base, accessible 

to hundreds of users via computer terminals throughout the 

country. 

STORET contains water quality data on samples taken from 

more than 200,000 unique, collection points located on the 

Nations water bodies. About 1800 unique water quality parameters 

are defined within STORET. Several Federal agencies including 

the FS, Corps of Engineers (CE), the Bureau of Reclamation, the 

USGS, and the TVA, complement the efforts of State and local 

agencies in the storage and retrieval of water quality data 

through STORET. 

Information on how STORET can help to fulfill needs with 

respect to the collection, retrieval and analysis of water 

quality data may be obtained by contacting, STORET, User 

Assistance, U.S. Environmental Protection Agency, Office of Water 

and Hazardous Materials, Washington, D.C. 20460, (Phone No. 

202-426-7792). 

NATIONAL WATER DATA EXCHANGE 

(NAWDEX) 

The National Water Data Exchange (NAWDEX) has been 

established to assist users of water data in identifying, 

locating, and acquiring needed data. NAWDEX has been developed 

using guidelines and design characteristics established by the 

Federal Interagency Water Data Handling Works Group, working 

under the auspices of the Office of Water Data Coordination 

(OWDC) of the USGS. NAWDEX became operational during 1976; 

Edwards (1976). It is centrally managed by a Program Office 

located at the USGS 1 s National Center in Reston, VA, and provides 

services through a nationwide network of Local Assistance Centers 

located in 45 states and Puerto Rico. 

NAWDEX is not a depository of water data; its objectives are 

to provide the user with sufficient information to define what 

data are available, where these data may be obtained, and in what 

921 



form they are available. NAWDEX is comprised of water-oriented 

organizations in Federal, State, and local governments and in the 

private sectors of the water-data community who work together to 

make their water-data readily and conviently available. 

Membership is open to all water oriented organizations and is 

formalized through a memorandum of understanding between each 

participating organization and the NAWDEX Program Office. The 

memorandum of understanding defines the member's support of the 

NAWDEX program in terms of providing information about its data 

holdings and responding to requests for its data, and defines the 

NAWDEX Program Office's committment to support the developmental 

and operational activities of the program. 

Charges may be assessed for NAWDEX services at the option of 

the organization supplying the data or service requested. These 

changes would be actual costs associated with computer and 

personnel times involved. Through a memorandum of agreement, 

Edwards (1976), a limited number of user organizations can be 

provided with "direct-acess" to the Station Header File, Daily 

Values File, and Peak Flow Files of the USGS's National Water 

Data Storage and Retrieval System (WATSTORE). Through the 

agreement, user organizations agree to reimburse the USGS for 

expenses related to information retrieval from the WATSTORE 

files . 

The development of computerized interfaces between the 

NAWDEX Master Water Data Index, the Water Quality File of the 

Storage and Retrieval System (STORET) of EPA and the WATSTORE 

System of USGS are scheduled to be completed during Fiscal Year 

1 9 7 7 . 

Potential NAWDEX users should contact the National Water 

Data Exchange, USGS, WRD, 421 National Center, Reston, Virginia 

22092. 
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